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Abstract

The purpose of the g7 experiment is to study the in-medium modifications
in the mass and/or width of the light vector mesons via their rare leptonic
decay. We propose an extension to the g7a experiment (g7b) with a photon
beam up to 3-4 GeV on a set of nuclear targets (D2, C, Fe, Nb) using the CLAS
detector. This decay channel is preferred over the hadronic modes in order
to eliminate final state interactions in the nuclear matter. The in-medium
modifications is related to fundamental physics such as partial restoration of
chiral symmetry at high density.

The primary goal of the g7a/b experiment is to study the p meson which
is clearly seen in all the targets. The result of the g7a experiment has demon-
strated the ability of the CLAS detector to detect the eTe™ decay of all three
vector mesons, and to extract the experimental mass distribution of the p
meson. These results have ruled out large medium effects, a > 0.1, with
a 99% confidence level, as predicted by Hatsuda and Lee (QCD sum rule,
a = 0.16 £ 0.06), and Brown-Rho scaling (p mass(Fe)/p mass(vacuum)=0.8).

The g7b experiment is proposed to increase the statistics and sensitivity
of the measurement to Aa = 0.007. Increasing the amount of data by a factor
of 4 to 5 will allow investigation of medium effects and confirmation of these
results on heavier targets with higher effective densities (Nb). It will also
allow us to study the momentum dependence of the medium modifications
and set limits to the width of the extracted p mass distributions.

The increase in statistics needed for the study of the p meson can be
done straightforwardly by increasing the instantaneous luminosity over g7a
(x2-2.5) and the running time to 36 days (x2).

The unique characteristics of the g7a/b experiment result from an electro-
magnetic probe and a final state uncomplicated by strong interactions that

provides a direct measurement of the vector meson properties in the medium.



1 Preface

This document is an updated version of proposal PR-06-016 submitted to PAC
29. The PAC 29 report is reproduced here, and the comments are addressed. In
addition, there are several major changes and improvements in the body of this

document compared to the previous proposal. The major additions are:
e A complete study and determination of the background:

— Contributions of the correlated sources of the background, Bethe-Heitler

processes and 270 Dalitz decays, are studied and found to be negligible.

— Shape and normalization of the combinatorial background are obtained

by using a model-independent method.

e Background subtracted results from the g7a data set rules out the prediction
of Brown and Rho for a mass shift of the p on the order of 20% and the
prediction of Hatsuda and Lee for the mass shift parameter o = 0.16 £+ 0.06
for the p meson in carbon and iron targets. It is shown that increasing the
statistics will allow us to confirm this result on a heavier target and investigate

mass shifts smaller than 10% with a sensitivity of £0.007 on a.

1.1 PAC 29 Comments
The PAC 29 report on PR-06-016 is reproduced as follows:
Proposal: PR-06-016
Scientific Rating: N/A
Title: Search for the Modification of Vector Meson Properties in Nuclei
Spokespersons: D. P. Weygand, C. Djalali, R. Nasseripour, and M. H. Wood

Motivation: The experimenters propose to seek evidence for a modification of
the position and/or width of the p meson in the presence of nuclear matter. This is
a subject that has attracted a great deal of attention in recent years and resulted
in numerous papers, both experimental and theoretical. It is widely appreciated
that the structure of the QCD vacuum plays a dominant role in the properties of

hadrons. It would be extremely interesting if it could be convincingly shown that



the properties of vector mesons are modified by the nuclear medium in which they

reside.

Measurement and Feasibility: The experiment would use a photon beam
in Hall B with the CLAS detector and a variety of targets including Dy, C', Fe,
and Nb. The properties of the light vector mesons would be studied through their
rare leptonic decay to the ete™ pairs. While this decay mode has a branching ratio
of 5 x 107%, it has the advantage of being purely leptonic and thus free of strong
final-state interactions. The proposed experiment, g7b, is a follow-on experiment to
g7a which had the same physics goals. During g7a it was found that the acceptance
of the etTe™ pairs was roughly a factor of five below that was expected in the original
proposal resulting in a corresponding reduction in statistics. It was demonstrated
during g7a, however, that the photon tagger is superfluous, and by eliminating
tagging, the luminosity can be substantially increased. Through this and an increase
in running time, g7b is projected to collect roughly four times the statistics of g7a.
Other differences include substituting the Nb target for Pb, and possibly using DVCS
solenoid. In analyzing the g7a data, there was no significant difference between fits
that included mass shifts and fits that did not. The proposers were thus left with
the difficult task of evaluating the impact of increased statistic in a quantitative
manner. To do this, they developed a Monte-Carlo where the events thrown were
based on their actual observed data. By adding modifications corresponding to
medium effects, they were able to generate events with and without changes in the
properties of the p. They could then fit these two sets of events, and study the
x? as a function of the total number of events thrown. Using this approach, they
concluded that with four times the statistics and a mass shift of as little as 30 MeV,

the x?/d.o.f. would increase to between 2-3.

Issues: While the committee agreed that a truly definitive demonstration of
medium effects would be of tremendous value and quite exciting, there was con-
siderable skepticism that the proposed experiment made a convincing case that it
could do so. At best the effect would be identified through a statistical test. At
worst, the background, which was essentially not understood, might contribute in
some unanticipated manner to systematically skewing the results. The PAC felt that
understanding the background would be of paramount importance for this measure-

ment and that the efficiency of detection in such a measurement is not well matched



to the CLAS detector.

Recommendation: Defer

1.2 Response

We first note that there was no question regarding the high physics motivation of the
proposal as stated in the PAC 29 report: “This is a subject that has attracted a great
deal of attention in recent years and resulted in numerous papers, both experimental
and theoretical. It is widely appreciated that the structure of the QCD vacuum plays
a dominant role in the properties of hadrons. It would be extremely interesting if it
could be convincingly shown that the properties of vector mesons are modified by the

nuclear medium in which they reside.”

PAC 29 Issues:

“...At best the effect would be identified through a statistical test.” Statistical
tests were used to estimate the significance of the fits in the previous analysis where
the normalization of the background was obtained by a parameter in the fit. In
the current analysis, the background is treated differently, and we understand and
subtract the background and were able to extract the experimental shape of the p
meson from the g7a data. This leads to a model-independent determination of the

level of medium modifications.

“At worst, the background, which was essentially not understood, might con-
tribute in some unanticipated manner to systematically skewing the results. The
PAC felt that understanding the background would be of paramount importance for
this measurement...”

In response to this comment, a full background study was done, and complete
understanding and estimation of the background was achieved by investigating the
correlated and uncorrelated sources of ete™ pairs. All the possible channels that can
contribute to the ete™ invariant mass spectrum as background have been consid-
ered. The well-known mixed-event technique is applied to estimate the shape and
normalization of the combinatorial background [1]. We have been able to obtain
the background subtracted spectrum, and fit this with the known line shapes. The
mass distribution of the p meson was extracted from the data. The details of the

background study are given in Section 5.
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the efficiency of detection in such a measurement is not well matched to
the CLAS detector.” The feasibility of the experiment is well demonstrated in
the analysis of the g7a data. Although the acceptance for the positively charged
particles is smaller than that for the negatively charged particles in CLAS (out-
bending versus in-bending tracks), CLAS is most certainly the best spectrometer
available. Comparing the preliminary g7a result with other similar experiments
shows that the ratio of the signal to background is much higher in the mass spectrum
obtain using CLAS [2, 3, 4, 5]. Our closest competitor, KEK, has not been able to
extract the shape of the p mass distribution [2].

1.3 Scheduling Considerations

With the experience and achievements of the g7a analysis results, the g7 group is
ready to run the proposed experiment with no major preparation, modification, or
new equipment, with the exception of replacing the Pb target foil with Nb. g7b
will not need polarized beam. In case of low electron beam energy availability (< 4
GeV), g7b can run immediately. All the analysis tools and simulations have been
developed and are available allowing physics analysis results within a year. The g7
follow-up experiment will result in important physics conclusions that have not been

achieved by other experiments.



2 Physics Motivations

2.1 In-Medium Hadron Modifications

Quantum Chromodynamics (QCD), the theory of the strong interaction, has been re-
markably successful in describing high-energy and short-distance-scale experiments
involving quarks and gluons. However, applying QCD to low-energy and large-
distance-scale experiments has been a major challenge. Although the rapidly in-
creasing strength of the interaction in this latter case makes it impossible to apply
perturbative techniques, the symmetries of QCD (such as chiral symmetry) provide
guiding principles to deal with strong interaction phenomena. Various QCD-inspired
predictions are now available in the non-perturbative domain, which can be tested
experimentally at current hadron and electromagnetic facilities.

One of these QCD “inspired” predictions is that in hot (finite temperature)
and/or dense (finite density) matter a chiral phase transition takes place, and the
broken chiral symmetry is restored resulting in a modification of the properties of
hadrons (vector mesons in particular) in nuclear matter from their free-space values.
This prediction has generated much interest, and there is an urgent need for exper-
imental data to confirm or refute these predictions in this as yet largely unexplored
domain. The first evidence as to the possibility of a medium-lowered p meson mass
came from the CERES and HELIOS/3 collaborations of CERN in 1995 [6, 7]. The
CERES collaboration reported on measurements of low-mass ete™ pairs from p-Au
and Pb-Au collisions (Fig. 1). Di-lepton spectroscopy allows measurement of the
in-medium properties without distortion due to final state interactions (FSI). While
their proton-induced data could satisfactorily be accounted for by summing various
hadron decay contributions, an enhancement over the hadronic contributions was
observed for the Pb-Au data in the mass range between 300 and 700 MeV /c?. The
same year, theorists were able to account for this excess by using a relativistic trans-
port model assuming a drop in the mass of the p meson [8]. It has been suggested
that traditional effects, such as an in-medium modified pion dispersion relation, may
be able to provide enough enhancement [9, 10]. A better understanding of hadron
properties in a hot and/or dense environment is therefore one of the most important
endeavors of hadronic physics today. The change of properties of the vector mesons
in the medium is a hot topic that is currently being studied at RHIC (BNL) and
HADES (GSI) and will be studied at ALICE (CERN) by measuring low mass di-



lepton production. Although vector mesons preferentially decay into pseudoscalar
mesons, the large final state interactions of these mesons with the nuclear medium
makes it almost impossible to derive any direct information about the vector me-
son properties in the medium. In a heavy-ion collision the final di-lepton yield is
obtained by an integration over different densities and temperatures, and a discrim-
ination between different scenarios of the in-medium modifications for the vector
mesons is difficult. In their initial stages, relativistic heavy-ion reactions originate
far from equilibrium and the temperature and density evolve over time. However,
all theoretical predictions of in-medium properties of vector mesons in photon- or
pion-induced reactions allow one to study the hadron properties in an environment
that is much closer to equilibrium (normal nuclear density and zero temperature).
The predicted in-medium effects for the vector mesons by the different models are
so large that they should have observable consequences already at normal nuclear
density. The g7 experiment at JLab is ideal to measure the photoproduction of vec-
tor mesons off nuclei and will give complementary information about the in-medium

properties of mesons.

2.2 Predictions of Theoretical Models

Due to chiral symmetry restoration, the properties of the vector mesons, w, p, and
¢, are predicted to change with increasing density. Brown and Rho [11], starting
from an effective Lagrangian approach at low energy and zero density, suggest the
same Lagrangian at high density, but with masses and coupling constants that are
modified according to the symmetry constraints of QCD. They proposed an in-
medium scaling law that predicts a decrease in the mass of the vector meson by
about 20%:

_mvulp) g (1)
myu(p=0)
where my s is the mass of the vector meson, p, indicates nominal nuclear density
(0.16 fm=3), and p = 0 indicates the vacuum.

Hatsuda and Lee [12], based on QCD sum rule calculations, obtained the spectral
changes of the vector mesons in the nuclear medium. Their calculations result in a

linear decrease of the masses as a function of density:

mvmp) 1 WP 4 =016+ 0.06. (2)

myum(p = 0) Po
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Figure 1: CERES result. Inclusive ete™ mass spectra in 450 GeV p-Au (left) and
200 GeV Pb-Au (right) collisions showing the data (full circles and open squares)
and the calculations for various contributions from hadronic decays. The shaded
regions indicate the systematic error on the summed contributions. Data from Ref.

6].

While QCD-based models predict a large downward shift of the vector meson
masses, more “conventional” processes such as in-medium re-scattering, predict no
change in the vector-meson mass but a substantial increase in the width of the meson.
Models based on nuclear many-body effects predict a broadening in the width of the
p meson with increasing density. This prediction is based on the assumption that
many-body excitations may be present with the same quantum numbers and can be
mixed with the hadronic states [13, 14]. Fig. 2 shows the prediction of Rapp et al.
[14] compared to that of Hatsuda and Lee [12]. These effects are density dependent,
and, if present, should be observed at normal nuclear densities. Consequently, one
should be able to observe the medium modifications of the properties of the hadrons

in pion-, proton- or photon-induced reactions.

2.3 Existing Data

A large downward mass shift has been reported for the p meson by the TAGX collab-

oration, which used photons incident on a *He target and detected the 777~ pairs
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Figure 2: Prediction of Hatsuda and Lee [12] (dashed line) and Rapp et al. [14]
(solid line) for the mass of the p meson at p = py compared to the mass of the p
meson at p = 0 (dotted line).

stemming from sub-threshold p production [15]. Fig. 3 shows the 7*7~ invariant
mass for different photon beam energies. The fits include all the “non-p” processes
(all the processes that contribute to the 7"~ channel that are not from decay of
the p-meson), medium-modified p mass processes, and p mass processes at normal
density (myo = 768 MeV/c?). The best fits were obtained with a medium-modified
p mass of m% = 600 MeV/c?. This corresponds to the maximum Brown/Rho shift
expected in nuclear matter and is a rather surprisingly large effect for a small nu-
cleus such as ®*He. The 7+~ hadronic decay channel is also subject to strong final
state interactions making the conclusion highly model dependent.

An observation of a medium-modified vector meson invariant mass spectrum has
been claimed by a KEK-PS collaboration in an experiment where 12 GeV protons
were incident on nuclear targets (C, Cu) and the e*e™ pairs were detected [2, 4, 3].
Fig. 4 shows the invariant mass spectra of ete™ obtained in this experiment. Fits
include all the possible physics processes, while the shaded area was excluded from
the fit. The background shape was estimated by mixing leptons from different
events, while the normalization was obtained as a parameter of the fit. The KEK

result is surprisingly compatible with a yield ratio of £ = 0, that is measured to
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Figure 3: TAGX result. Panels (a)-(c) show the data distribution for the 747~ in-
variant mass for a tagged-photon beam energy of (a) 800-880, (b) 960-1040, (c)1040-
1120 MeV. The dotted lines indicate the sum of non-p processes; the dashed lines
are due to the my = 768 MeV /c? processes; while the lower solid line assumes
mz = 600 MeV/c?. The upper solid line is the sum of all the Monte-Carlo fits.
Panel (d) shows the x* of the fitting as a function of m, for the four energy bins.
The lowest curve is for the 800-880 MeV bin, while the solid curve is the average
over all of the photon energies. Data from Ref. [15].

be unity in p-p scattering [16]. It was claimed that p mesons are modified in the
medium producing the excess mass seen at the w peak shoulder. In the latest
analysis from the KEK group [4], the £ ratio was fixed and a model was used to
estimate the probabilities of the decays of w and p mesons inside various nuclei.
Based on this model the probabilities of p meson decays inside C and Cu targets
are 46% and 61% respectively, while those of w are 5% and 9%. The shapes of the p
and w were then changed based on this model and the mass spectra were fit again.
Using this method, they obtained the shift parameter of o = 0.09 £ 0.002 (see Fig.

10
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Figure 4: KEK result. Invariant mass spectra of ete™ for C (left) and Cu (right)
targets. The plots show the best fit results from the mixture of the known hadronic
sources and the combinatorial background. Data from Ref. [2].
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parameter of & = 0.09 & 0.002 was obtained. Data from Ref [4].
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5). Fig. 6 shows the result of the same experiment for the ¢ meson. It is shown that
by selecting low momentum ¢ mesons, the shoulder due to the possibly modified ¢’s
decaying in the nucleus can be enhanced. Since few ¢’s decay inside the nucleus,
one needs sufficient statistics after the momentum cuts to observe the shoulder.
Very recently, the Crystal Barrel/TAPS collaboration has reported a downward
shift in the mass of the w, where the analysis focused on the 7%y decay of low-
momentum w mesons photoproduced on a nuclear target [5]. The result of this
experiment is shown in Fig. 7. The w — 7%y channel is a very “clean” channel for
studying w mesons since the branching ratio for p — 7%y is two orders of magnitude
smaller. Data were taken for two nuclear targets (H, and Nb) and compared after
subtracting a huge background. An enhancement was found toward lower masses
for w mesons produced on the Nb target. By comparing the Hy to Nb they found a

pronounced modification of the w meson mass in the nuclear medium with momenta,

12
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Figure 7: (a) Crystal Barrel/TAPS result. Inclusive 7%y invariant mass spectra for
w momenta less than 500 MeV/c. Upper histogram: Nb data, lower histogram:
LH, target reference measurement. The dashed lines indicate fits to the respective
backgrounds. (b) 7%y invariant mass for Nb data (solid histogram) and LH, data
(dashed histogram) after background subtraction. The error bars show statistical
uncertainties only. The solid curve represents the simulated line shape for the LH,
target. (¢) In-medium decays of w mesons along with a fit to the data. The vertical
line indicates the vacuum w mass of 782 MeV /c?. Data from Ref. [5].

less than 500 Mev/c. The TAPS collaboration is planning to acquire more statistics
[17]. One serious concern about this experiment is the possibility of the 7% re-

scattering in the nuclear medium which could distort the invariant mass spectrum.

A recent PHENIX experiment at RHIC also was performed to measure di-leptons
in Au+Au collisions [1]. The invariant mass spectrum is shown in Fig. 8 and com-
pared to the expectation from hadronic decays. As shown in Fig. 8, the small signal
to background ratio, sparse data, and large statistical uncertainties make any physics
conclusions impossible.

Recently, the NA60 experiment at the CERN SPS has studied low-mass muon
pairs in 158A GeV In-In collisions [18]. A strong excess of u*pu~ pairs is observed
above the expectation from the neutral meson decays. The high statistics and good
mass resolution of about 2% have allowed them to isolate the excess by subtraction
of the known sources. The shape of the resulting mass spectrum is consistent with
a dominant contribution from 7t7~ — p — ptp~ annihilation. The associated
p spectral function compared to the prediction of Rapp/Wambach for broadening,
and that of Brown/Rho for the shift in the mass of the p, shows no shift in mass

13
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Figure 8: PHENIX result. Data (systematic uncertainties shown in yellow) com-
pared to the hadronic cocktail (various known contributing channels) where the
systematic uncertainties are shown in cyan, and theoretical predictions, where a p
spectral function is introduced, without (red) and with (blue and green) in-medium
modifications. Data from Ref. [1].

but broadening in the width of the p (Fig. 9) [14]. However, in their recent paper,
Brown and Rho have pointed out that the comparison between the recent NA60
di-i, data as presented is not founded on a correct interpretation of the prediction
of Brown and Rho scaling as formulated in 1991 and modernized recently. Hence
they state that the conclusion drawn by the NA60 group is erroneous.

Another study of the in-medium p meson spectral function in nuclear matter in
TAGX was recently presented at the HADRON 2005 workshop [19]. This analysis
indicates a large longitudinal polarization for the produced p and this signature is
used to extract the in-medium p invariant mass and its spectral function. The result
of this analysis is consistent with some phenomenological models for light nuclei and
is also consistent with an observed and significant in-medium mass modification.

The latest medium modification results reported by RHIC experiments are not
consistent with the KEK and TAPS conclusions. In heavy-ion reactions, the final
ete  yield is the result of contributions from different densities and temperatures;
thus a discrimination between different scenarios of in-medium modifications for vec-

tor mesons is difficult. Experiments such as g7 that look for medium modifications
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Figure 9: NAG0 result. The result of di-y analysis at the CERN SPS. Comparison
to model predictions: unmodified p (red solid), prediction of Rapp/Wambach [14]
for in-medium broadening of the p (blue solid), in-medium shift by Brown and Rho
[11] (green solid), the cocktail (red dashed), and the level of combinatorial charm
(blue dashed). Data from Ref [18].

in normal nuclear density at equilibrium are needed to disentangle the different
mechanisms [20]. The study of the density-induced modifications on the proper-
ties of vector mesons has seen much theoretical and experimental interest. While
these experiments are intriguing, no definitive result has yet been obtained, and the

question is still wide open.
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2.4 Advantages of the g7 Experiment

The goal of the JLab g7a experiment was to study properties of the light vector
mesons propagating in nuclei, with the main focus on the study of the in-medium
changes in the mass and/or width of the p meson. This is due to the fact that a
larger fraction of the produced p mesons decay inside the nuclear targets due to their
small life time (c7, = 1.3 fm), compared to the w (c7, = 23.4 fm) and ¢ (c7y = 44.4
fm) mesons. At JLab energies, photoproduction of p-mesons off heavy nuclei is
the ideal way to determine any modification of the meson properties in nuclear
matter (mass shift and/or width increase). Due to their electromagnetic character,
di-leptons leave the interaction region without further strong interactions, and thus
carry undistorted information of the dynamical properties of the system. Because
vector mesons preferentially decay into mesons, the large final state interactions of
the mesons with the nuclear medium makes it almost impossible to derive any direct
information about the vector meson properties in the medium. A semi-classical
BUU ( Boltzmann-Uehling-Uhlenbeck) transport model calculation by Effenberger
and Mosel indeed shows that the 777~ invariant mass spectrum exhibits almost no
sensitivity to medium modification of the p meson [21]. Even though the branching
ratio to ete™ is 5 x 107°, the predicted in-medium effects for the vector mesons
by the different models are so large that they have observable consequences even at
normal nuclear density. Effenberger and Mosel have developed a semi-classical BUU
transport model that is an important step toward a consistent theoretical description
of vector meson production, propagation, and decay in the nuclear medium. This
model calculates inclusive particle production in heavy-ion collisions from 200A MeV
to 200A GeV in photon and in pion-induced reactions with the very same physical
input. This model has been used to give predictions for di-lepton production in 7 A
reactions that will be measured by the HADES collaboration, and in yA reactions
in the energy range from 800 MeV to 2.2 GeV [22, 23].

The g7 experiment has the advantage of using a photon beam to produce and
study the in-medium properties of vector mesons that provides minimum pertur-
bation in the incoming channel. Furthermore, the photoproduction of the vector
mesons takes place throughout the nucleus. In the KEK experiment, no definite
conclusion about the p channel can be made since this channel is barely observed.
In the g7a experiment we were able to observe and study the p meson. With our

understanding of the background, we were able to extract the experimental mass
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Figure 10: g7 target configuration (top) and distribution of the z-component of
the reconstructed vertex position for the g7a data (bottom). The CLAS vertex
reconstruction resolution is about 0.3 cm.

distribution of the p. By comparing the extracted experimental p mass spectra for C
and Fe to Dy targets, we have been able to rule out any mass shift greater than 10%.
We will be able to give a quantitative measure of smaller medium modifications, if
there are any, given the increased statistics of the g7b experiment. We anticipate a
sensitivity on the order of £0.007 in the measurement of the p mass shift parameter
« in Nb target.

In the g7a experiment, the A(7y,ete™)A’ reaction was measured by identifying
the coincident electron/positron pairs in the CLAS detector. Energy deposition in
the electromagnetic calorimeter and the Cerenkov counter signal define clear cuts
for the separation of the ete™ events from the very large hadronic background. To
minimize systematic errors, the solid targets were divided into several parts, and
the separation between adjacent targets (2.5 cm) was matched to the CLAS vertex

reconstruction resolution which is 0.3 cm (see Fig. 10).
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The data were taken on four nuclear targets simultaneously: deuterium, carbon,
iron and lead with a beam intensity of 5x10” tagged photons per second in the energy
range from 1.2 to 3.8 GeV. Setting the magnetic field of the CLAS detector to halfits
maximum value at nominal polarity was found to be optimal for this photon energy
range. At this field setting the yield of the low momentum e*e™ pairs is optimized
to the momentum resolution of CLAS. Tagged photons were used to determine the
kinematics of the reaction. In the off-line analysis, the ete™ mass spectra are being
analyzed under different kinematical conditions. Bethe-Heitler (e*e™) background is
drastically reduced by the acceptance of CLAS. Extensive simulations show that the
acceptance of CLAS does not introduce an experimental distortion of the invariant
mass spectrum of the detected ete™ pairs. The analysis of the g7a data taken in
Fall 2002 is completed.

Theorists such as U. Mosel at Giessen, M. Soyeur at Saclay and E. Oset at
Valencia, have done extensive work on medium modifications of vector mesons, and
are interested in the new proposal. Extensive BUU calculations has been done to
optimize the choice of target nuclei. The g7b experiment does not require high beam
energy. The data reduction and analysis can be done rapidly since all the analysis
tools have already been developed for g7a. Scientific interaction and discussions
with the relativistic heavy ion community at RHIC, CERN, and HADES, as well
as with colleagues at KEK and Bonn, will continue because of the ongoing common
physics interest.

The advantage of the g7a/b experiment is that one can clearly see and study
the p meson in all targets. The preliminary g7a results exclude the predication of
Brown and Rho and Hatsuda and Lee for the mass shift and o« = 0.16 4+ 0.06. With
higher statistics and replacing Pb with a Nb target, it will be possible to reduce the
limits on the mass shift and « even further.

The g7a/b experiments are part of a larger program at Jefferson Lab. Recently,
JLab proposal E05-110 in Hall A was approved with an A- rating to study the
modification of the properties of the nucleon in the nuclear medium. This Hall A
approved experiment aims to investigate the properties of nucleons inside nuclei via
quasi-elastic scattering off nuclei and to study the charge and magnetic responses

of a single nucleon [25].
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3 Manpower

Spokespersons:

e D. P. Weygand (JLab) Physics, simulations, trigger, data reconstruction, data

analysis, particle identification, and e/ discrimination.

e C. Djalali (USC) Physics, particle identification, e/m discrimination, data re-

construction, and simulation.

e M. H. Wood (UM) Physics, data analysis, trigger, particle identification, e/7

discrimination, simulations, and data reconstruction.

e R. Nasseripour (USC-postdoc) Physics, background, particle identification,

data analysis, preparation, and simulations.

Other Physicists:

e R. Gothe (USC) Physics
e D. Tedeschi (USC) Physics
e S. Strauch (USC) Physics

e L. Guo (JLab-postdoc) Physics, trigger, simulations, data analysis, and prepa-

ration.
e R. Miskimen (UM) Physics

Graduate Students:

e Upcoming Ph.D. student with thesis on g7b experiment will be stationed at
JLab and involved (100%) in data analysis, simulation, target, beam, prepa-

ration, and data taking.

All of the physicists have experience running experiments with CLAS and normal-
ization of the photon beam and collimation. The listed manpower has been involved
in the first g7 experiment and is already familiar with all aspects of GEANT sim-
ulation and of calibration and reconstruction of g7 data. The e/n discrimination
technique, particle identification and data analysis procedures and corrections are

well defined and documented in the g7a analysis-note [26]. There are experts on
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all phases and aspects of the proposed extended experiment in our group, to be
confident that we will be able to successfully run the experiment and complete the

data analysis.
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4 Feasibility— Analysis of g7(a) data

4.1 Lepton Pair Identification

Te  pair from a vector

Since the goal of the g7 experiment is the detection of an e
meson decay, a number of cuts are applied to obtain the cleanest possible sample
of lepton pairs and to remove any hadronic backgrounds. The cuts can be grouped
into two categories. The first set of cuts employ the electromagnetic calorimeter
(EC) and the Cerenkov counters (CC) for lepton identification and are applied to
each particle individually. The second set of cuts matches particle pairs by their
interaction vertex and by their times. Before any cuts are applied, the data are
filtered to select events with two charged particles, where the charge of one particle

is —e and the charge of the other is +e.

4.2 Lepton Identification with the EC and CC

Since almost 100% of the p mesons decay into two pions and the relative branching
ratio for the e~e’ decay channel is of the order of 107°, it is therefore crucial
to discriminate between e e and w7t pairs. The initial lepton identification is
achieved with the EC and CC. A combination of cuts on the EC and the CC signals
is used to reject other charged particles, mainly pions, from the e~ and e™ samples.
One characteristic behavior of pions in the EC is minimum ionization, independent
of their energy. The leptons produce electromagnetic showers and deposit an energy
that is proportional to their energy while pions interact hadronically in the EC.
Therefore, unlike pions, the energy deposited in the EC by the e~ and et has a
linear relationship with their momenta as measured by the drift chambers (DC).
Below momenta of 1 GeV /¢, the total EC energy Egc deviates slightly from a linear

behavior so the form for the Exc versus P is

Erc = (0.23+0.071P — 0.032P2)P if P < 1.0 GeV/c (3)
= 0.272P if P >1.0GeV/e,

where Egc is the total energy deposited in the EC, and P is the momentum. The
plots on the left in Figs. 11 and 13 show Erc versus P for e~ and e™, respectively.
The leptons are the band which follow the above relation while the pions are in the

horizontal band. Cuts were applied at 430 around the band of leptons.
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Figure 11: Plots of EC quantities for negatively charged particles, EC versus p (left)
and ECin versus ECout (right) before the EC cuts.

A second EC cut is applied for further background reduction. The EC is seg-
mented longitudinally into two sections, the inner and outer calorimeters. The EC
inner section has fewer layers than the outer layers; therefore, the minimum-ionizing
pion will lose the majority of its energy in the outer calorimeter. The plots on right
in Figs. 11 and 13 display the energies deposited in the inner EC versus the outer
EC. The pion contamination is clearly visible as a vertical band at low inner EC
energy. A cut is applied to exclude particles that deposit less than 45 MeV in the
inner EC section. The pions are rejected by removing particles that do not satisfy
both Egc versus P and EC inner cuts (see Figs. 11- 14).

With the CC, the leptons are identified by the amount of Cerenkov light pro-
duced in the detector. The amount of light is quantified by the number of electrons
produced in the photocathode of the photomultiplier tubes (PMT) which collect
the light. These electrons from the PMTs are called photoelectrons. A typical pho-
toelectron spectrum contains a broad distribution (true leptons) and a large peak
close to zero (misidentified pions). To reduce the pion misidentification, two cuts

were considered:

1. matching the azimuthal angle ¢ in a sector calculated from particle tracking
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Figure 12: Plots of EC quantities for negatively charged particles, EC versus p (left)
and ECin versus ECout (right) after the EC cuts.

with the side of the sector reported by the hit in the CC,

2. accepting particles which produce more than 2.5 photoelectrons.

The first cut is a very simplistic and fundamental one. Each CC detector has
PMTs on the sides near the torus coils. Therefore, the Cerenkov light will be
collected on either the left or the right side of the detectors. The best granularity
possible in the angle ¢ is binary, either left or right. This cut is an obvious filter
of the accidental pions which produce hits in the CC. For the second cut, events
that produce less than 2.5 photoelectrons in the CC are also removed to account for
pions and noise in the CC (Fig. 15). Another CC condition to check is the difference
in polar angles 6 calculated from the hit in the CC and the hit in the TOF, The
results are shown in Fig. 16. The black line is for the electrons and the red is for
positrons. The negative angular difference for the positrons arises from the fact
that they were outbending tracks while the tracks of the electrons were inbending
toward the beamline. From this typical plot, there is almost no background so this
relationship does not have a large impact in background removal.

To test the level to which pions were misidentified by the EC and CC cuts, the

procedure is to apply these cuts on a well-identified sample of pions. The sample
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Figure 13: Plots of EC quantities for positively charged particles, EC versus p (left)
and ECin versus ECout (right) before the EC cuts.

chosen was 7~ from the well-known A decay in the reaction: yp - AK+t — pn K.
During the g7 run, the liquid deuterium target was replaced for a short amount of
time by a liquid hydrogen target. For the purpose of determining the pion rejection
efficiency factor, first the proton data set was filtered for a final state containing a
proton, a 7, and a K. The second step was to reconstruct the pm7~ invariant mass
which is displayed in Fig 17. The last step was to apply the EC and CC cuts to the
pions in the mass range of 1.11 to 1.12 GeV/c? (i.e all the pions that contribute to
the A peak). A sample of 5581 “good pion” candidates was selected in this fashion.
From the invariant mass plot, there is a small amount of background under the peak.
Of those 5581 7~ particles, 3 were misidentified, i.e. 3 passed the g7 EC and CC
electron identification cuts. Thus, the pion rejection factor for one arm is 5.4 x 107,
The g7 analysis requires a lepton pair in the final state and this translates into a
rejection factor of 2.9 x 107 for two arms. Given those numbers, one can be quite
confident in asserting that the g7 EC and CC cuts do an excellent job of rejecting
pions. It should be mentioned that the pion momenta from this AK™ test was never
greater than 0.5 GeV/c. However, this momentum region is critical since that is

where the low-momentum leptons overlap with the minimum-ionizing pions in the
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Figure 14: Plots of EC quantities for positively charged particles, EC versus p (left)
and ECin versus ECout (right) after the EC cuts.

Egrc versus P plots.

4.3 Pair Identification by Vertex Position and Timing

In order to identify the lepton pairs from the decay of vector mesons, a set of cuts is
applied on the interaction vertex position and time. Three vertex cuts are needed.
The first cut is that Az.- .+ < 3 cm where Az.- .+ is the difference in z-vertices
between the e™ and e~. The second cut is that the radial position in the target
< 2 cm. These vertex-position cuts are designed to match the two leptons to the
same decay vertex. The third cut is a vertex timing cut and is applied to match the
two leptons to the same beam bucket. The cut requires that |At.- .+| < 1.002 ns
where At.- .+ is the difference between the time-of-flight (TOF) vertex times of the
et and e™.

To express the large opening angle between the e~ and et from the decay of
vector mesons, we required the pairs to be detected in different sectors of the CLAS
detector. This requirement removes the large background from the pairs produced
by pair production and Bethe-Heitler processes that have a small opening angle

(the result of Bethe-Heitler simulations is shown in the next sections). The ete”
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Figure 15: Number of photoelectrons produced in the CC by electrons (left) and
positrons (right).

invariant mass is shown in the top panel of Fig. 18 for all targets and before applying
any cut. The middle panel of the same figure shows the invariant mass distribution
after the vertex position and timing cuts overlaid with the distribution of the same-
sector events, while the bottom panel shows the e*e™ invariant mass after all of the

cuts.

4.4 Momentum and Target Energy Loss Corrections

For various CLAS experiments, it was necessary to adjust the momentum of the
detected particles empirically. For this analysis, we have utilized the momentum
corrections developed by the g1l run group. The gll experiment was a O search
and had very stringent mass requirements. The running conditions were very close
to that of g7a. The photon energy determination in the gll run was crucial for
studying missing mass. This is not the case in g7 which studies the invariant mass.
Another correction that must be applied is energy loss in the target. Since the
detected particles in the g7 experiment are electrons and positrons, the energy loss
is expected to come from ionization.

The average energy loss due to a minimum-ionizing particle is 2 MeV /g/cm? of
material. Each g7a target was 1 g/cm?, and the average energy loss was 1 MeV.
Table 1 lists the final w- and ¢-meson masses and widths after the momentum and

energy loss corrections on D, target. Both are consistent with the PDG values
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The black (red) histogram is for electrons (positrons).

within statistical uncertainties.

4.5 Simulations and Detector Acceptance

To simulate each physics process, a realistic model was employed and corrected for
the CLAS acceptance. The events were generated using a code based on a semi-
classical Boltzmann-Uehling-Uhlenbeck (BUU) transport model. The code has been
developed over many years by the group of U. Mosel at the University of Giessen [23]
(this model is rather complete in its inclusion of the various nuclear effects: the shad-
owing of the photon-induced reactions, the Fermi motion of the nucleons, the Pauli

blocking, the mean field potential inside the nucleus, the Coulomb potential felt
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Figure 17: Invariant mass of 7~ p from the reaction yp — pmr~ K. The blue shaded

region is the cut to select the A events.

by charged particles, the final state interactions of the particles produced during
the initial interaction, and collisional broadening of the width of the produced res-
onances). We used the BUU event generator for the purpose of simulating the g7a
experiment. The events are propagated through the g7 multi-segment target and the
CLAS detector using the GSIM simulation package. Fig. 19 shows the acceptance
of the CLAS detector as a function of the ete™ invariant mass in the region of in-
terest for carbon targets at different z-locations in CLAS. The smooth slow-varying
acceptance does not distort the invariant mass spectrum. Using the BUU transport
model for the g7a analysis, one can produce a more realistic acceptance calculation

than was previously provided in the g7 proposal in 2001.
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Corrections | w Mass | w Width | ¢ Mass | ¢ Width
(MeV) | (MeV) | (MeV) | (MeV)
None 779.0 11.7 1016.1 11.8
Momentum | 778.9 12.1 1015.0 11.1
Energy Loss | 782.3 134 1018.2 12.1
Both 782.7 13.2 1018.1 12.3

Table 1: This table lists the masses and widths fitted from the invariant mass
spectrum. The PDG values for the w- and ¢-meson masses are 782.57+0.12 MeV
and 1019.456+0.020 MeV, respectively.
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5 Background

The channels of interest in the eTe™ mass spectrum are w, p and ¢, with the main
focus on the p. The background may be a mixture of same photon and different
photon interactions that produce e™ and e~. These could be from correlated or
uncorrelated sources. Examples of correlated sources of ete™ pairs, in addition to
w, p and ¢, would be w and n Dalitz decays. These channels are well simulated
with our Monte-Carlo BUU model. In this section we discuss the possibility of
contributions from Bethe-Heitler processes and 27° Dalitz decay to the ete™ mass
spectrum. These channels are found to have negligible contribution to the invariant
mass spectrum in the region of interest. The model-independent determination of
the shape and normalization of the uncorrelated background will also be discussed

in the following sections.

5.1 Bethe-Heitler Processes

Elementary Bethe-Heitler processes are shown in Fig. 20. The incoming photon
produces a lepton pair and one of the two leptons interacts with the nucleon via
exchanging a virtual photon. The Bethe-Heitler cross sections have recently been
calculated by U. Mosel’s group in Giessen [31]. Although the majority of these pairs
have very small opening angles and are cut out from our data sample by requiring
that the electron and positron are detected in different CLAS sectors (as shown in
Sec. 4), a full study is done here to account for any remaining events in the region
of interest after the cut. We have used the calculation in Ref. [31] to create a Bethe-
Heitler event generator that incorporates the experimental condition of g7 followed
by simulation of CLAS with the GSIM package.

Bethe-Heitler calculations on the nucleus: To calculate the Bethe-Heitler
cross section on a nucleus, the momentum distribution of the nucleons inside the
nucleus is accounted for by using a Fermi gas model, and a Woods-Saxon distribution
is used to approximate the nucleus density distribution. These calculations are also
available for various approximations of nuclear effects as shown in Fig. 21.

In order to translate the cross section into the expected number of events, the
generated and CLAS-accepted events are normalized to the number of target nuclei
and g7 photons as a function of beam energy and weighted for the Bethe-Heitler

cross section. Fig. 22 shows the etTe™ invariant mass and the opening angle of
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Figure 20: Feynmann diagrams for the Bethe-Heitler processes. An incoming photon
with four-momentum £ produces a lepton pair. The negative (positive) lepton has
four momentum p (p+) and p; (py) is the initial (final) four-momentum of the
nucleon. The four-momentum which is exchanged between the nucleon and one of
the leptons is denoted by g.

accepted ete™ pairs for a single photon energy bin (2.2 GeV) before and after the
cuts mentioned in Fig. 18 in Section 4. Most of the Bethe-Heitler events have a
small opening angle and are eliminated by the same sector cut.

The simulation is finally done over the whole g7 beam energy range (0.6-4.0
GeV) that is divided into 106 bins and the whole eTe™ mass spectrum consisting of
100 bins. 50k events are thrown in each energy and mass bin resulting in a total
of 500M events. The resulting Bethe-Heitler ete™ invariant mass spectrum for a
Pb target summed over the g7 beam energy range (0.6-4.0 GeV) is shown in Fig.
23. As seen, only 62k events survived the CLAS acceptance and all the cuts. As
mentioned before, these events are weighted by the Bethe-Heitler cross section and
normalized to the number of g7 incident photons and target nuclei. The resulting
spectrum shows a very small contribution from this process to the invariant mass
spectrum specially in the region of the p and w mass. Since the Bethe-Heitler cross
section increases as a function of target atomic number, one can conclude that there
is no significant contribution of these processes to the background for lighter targets.

Fig. 24 shows the Bethe-Heitler cross section for C compared to that of Pb nuclei.
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Figure 21: Bethe-Heitler cross section on Pb at a photon energy of 2.2 GeV. The
cross sections are shown for various assumptions for nuclear density and the momen-
tum distribution of the nucleons in the nucleus as a function of the ete™ invariant
mass.
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Figure 24: Comparison of the Bethe-Heitler cross section for C and Pb at an invari-
ant mass of 0.4 GeV.
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Figure 25: Preliminary result of the total cross section as a function of photon beam
energy for yp — 7'7% from Ref. [35].

5.2 27 Dalitz decay

Two 7 decays can create a dilepton background for g7. If both pions decay via a
Dalitz decay (7° — ete™7), ete™, e"e™, and eTe™ events may be recorded in CLAS.
The Dalitz branching ratio is about 1%, and the 7%7° cross section is about 10% of
the p cross section, which gives a rate of about 1075, the same order of magnitude
as the p® — ete™ rate.

The 170 events (yp — 7%7%p) where simulated using suggestions from CB/ELSA
and the Crystal Ball. The cross section was measured for energies of interest at
CB/ELSA [35]. The result of that measurement is shown in Fig. 25 compared
to other published data. The pm® mass spectra shown in the CB/ELSA analysis
indicate that the process is dominated by At — pz®. In our study, the process
vp — AT was simulated by an exponential ¢ distribution between the beam pho-
ton and the 7°. The total cross section was taken from the CB/ELSA publication.
The pions were then decayed via a Dalitz process, and the leptons then propagated
through the CLAS simulation program (GSIM).

The cross section was summed over the integrated g7 luminosity, and a total
of 50k events was generated for each target nucleus. Of these events, only 0.02%
survive. Fig. 26 shows an example of generated events where the ete™ invariant

mass is obtained by choosing the electron and positron from two different 7° Dalitz
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Figure 26: Invariant mass distribution of lepton pairs (GeV) generated from two 7°

Dalitz decays. Electrons and positrons of each pair were chosen from the decay of
different 7%’s.

decays. The mass distribution of the lepton pairs that survived for each target is

shown in Fig. 27.
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Figure 27: The eTe™ invariant mass (GeV) of the CLAS accepted lepton pair events
from two 7% Dalitz decay for the g7 integrated luminosity and after all the cuts for
Dy (left), Carbon (middle), and Fe (right) targets.
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5.3 Compton and Pair Production

The source of the mixed event background was investigated by simulating the Comp-
ton and pair production processes. Both processes have large cross sections com-
pared with the vector meson production so they are good choices for background.
From the Compton scattering and pair production kinematics, the outgoing leptons
are traveling at very forward angles and should miss detection in the CLAS detector.
The scenario studied here was a mixing of the electron from the Compton scattering
and the positron from the pair production.

For this study, a simple GEANT3 program was written to produce both Comp-
ton scattering and pair production for every event. The GEANT subroutines GCOMP
and GPAIRG were employed to generate the Compton and pair production kinemat-
ics. An incident photon beam was directed on a 1-mm thick 2°® Pb target in CLAS.
The energies of the incident photons were generated with a flat distribution from
0.0 to 4.0 GeV. The 4-vectors of the Compton-scattered electron and pair-produced
positron were saved if their polar angle was between 8° and 60°, the fiducial range
of CLAS. The invariant mass was calculated from these 4-vectors.

For this simple test, 10 million incident photons were thrown, which generated
166070 Compton-scattering events and 67661 pair production events after the angu-
lar cuts. The resulting invariant mass for the mixed-lepton case is shown in Fig. 28.
The simulated mass is very small and well below the masses calculated from vector-
meson decay. From this simple study, it was concluded that the background was

not from mixing Compton scattering and pair production processes.
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mass (bottom) where one lepton is from Compton scattering and the other from pair
production processes. The obtained invariant mass is much smaller than the region
of interest and therefore, there is no contribution from this source to our background.
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5.4 Combinatorial Background

Experimentally, the true lepton pair production has a background of random com-
binations of pairs due to the uncorrelated sources, and experiments involved in pair
measurements have to deal with this combinatorial problem. The most salient fea-
ture of the uncorrelated sources is that they produce the same-charge lepton pairs
as well as oppositely charged pairs. The same-charge pairs (eTe* and e”e™) provide
a natural normalization of the uncorrelated background. This is also true for the
measurement, of opposite-sign pions or muons for which the combinatorial method
has also been used in the past [27, 28]. This method has also been used in the
extraction of resonance signals [29] and proton femtoscopy of eA interactions [30].

The combinatorial background is statistically approximated by an event-mixing
technique. The electrons of a given event are combined with positrons of another
event, as the two samples of electrons and positrons are completely uncorrelated.
This produces the phase-space distribution where electrons and positrons are actu-
ally from different processes but lying in the same event.

In this study we followed the prescription used by ete™ measurements in the
Au-Au collision experiment with PHENIX at RHIC [1]. The formalism of the mixed-
event technique for g7 is given below. In general, the probability of having r leptons

in an event with an expectation value of u is given by a Poissonian distribution:

r

P(rop) = et (@)
Py =P(1,py) = pye™ (5)
P =P(l,p) = pe, (6)

where + refer to the positron and electron. The probability of having two same

charge leptons in an event is:

1, -

Py =P@2,py) = 5”16 e (7)
1 2 —pu—

P_=P2p)=guZe ™, (8)

and the probability of having two opposite-charge leptons will be:

P_|_,:P+P,. (9)
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Replacing P, and P_ and rearranging will give:

1 1 1

Py, = §Mie_u+ — §,u+e_“+u+e_“+e“+ = §Pie“+ (10)
L

P__ = —P’el, (11)
2

where, u~ 1073 < 1 = e# — 1. Therefore,

P_|__ == 2\/P_|_+P__. (12)

Since these probabilities are proportional to the number of events, Eq. 9 is used
to obtain the actual number of opposite-sign pairs that contribute to the mixed-event,
background.

The g7a data were filtered to require two same-charge leptons in each event.
The same-charge leptons in each event are then combined to obtain the e"e™ and
ete® invariant mass spectra. These distributions are shown in Fig. 29 overlaid
with the distribution obtained using the formula in Eq. 12 bin by bin. These
distributions give the shape of the e*e™ combinatorial background. However, in
order to smooth out the statistical fluctuations, the mixed opposite-charged lepton
chosen from samples of uncorrelated events was used to estimated the shape of the
combinatorial background.

The normalization of the combinatorial background is obtained by counting
the number of same-charge pairs for each target and calculating the number of
expected opposite-charge pairs from Eq. 12. The mixed event distribution was then
normalized to the number of expected opposite-charge pairs. The result is shown in
Fig. 30 for all and individual targets.

An important check for the ability of the combinatorial background to reproduce
the real unknown uncorrelated pair yield is to generate the same shapes for the same-
charge lepton invariant mass from the same and different events. For example, the
e~ e invariant mass distributions from the same and different events are shown and

compared in Fig. 31.
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with the obtained distribution from Eq. 12 (black).

43



%) B s s0% - Birien 2
£ 600 - 005
8 500 All targets | 250 - |
400 - 200 -
300 i) 150 - f
200 n 100 - #h
E ﬁﬁﬁw * b : Hﬁ m f
100 3 Mmﬁ*&'”‘“_ B W*ﬂwwf 50 - Hmwwh #*H*wﬁ
0 Covas®™ 0 b e e 0 Eoads e Ly WO g,
0 025 0.5 0.75 1 0 025 0.5 0.75 1
o 180 £ Blies 2542 L B 154
5160 - C 100 = Fe |
> e
100 60 |- :
80 - I : i
60 - I 0 ¢ | HN l
3 ik i i
40 - ik - ML
- Wﬁ ooy 20 ¢ HH * ﬁ ﬂ
20 - ﬁiw— s * - Mﬂ-”“'—w, ﬂ i
0 fre W e 0 - Lt

0 02505 075 1 0 02505075 1
Invariant Mass (GeV)

Figure 30: Normalized combinatorial background (blue) for all and individual tar-
gets compared to data (black).

44



| Combinatorial Background |

S0 i e-e- Same Events
C “ e-e- Mixed Events
400 lw
B
: ’| *'
2 300 1‘
§ i ||{ |H
200 h* Hl
i *
100 }ﬂj ﬂ“*
i b *HIT
C W,
o0z 04 05 ‘OI:W' et

ee Inv. Mass (GeV)

Figure 31: e e invariant mass from the same (black) and different (red) events.

45



6 gT7a results

The clear peaks of w and ¢ mesons can be recognized in the eTe™ invariant mass
spectrum. It is also shown that the yields of the w and the ¢ decrease with increasing
target density (Figs. 32 to 34) . The CLAS simulated Monte-Carlo distributions
obtained for various possible vector meson decay modes are fit to the background-
subtracted eTe™ invariant mass. Fits are performed with and without incorporating
the predictions of Hatsuda and Lee for the vector meson mass shift in the Monte-
Carlo model. Note that the BUU code is only used to describe the propagation
and decay of the vector mesons in the nucleus. Any medium-induced shift in the
mass (Brown/Rho-Hatsuda/Lee) or change in the width (Rapp/Wambach) of the p
meson, is determined solely from the comparison of the data from different targets.

Results of the fits are shown and compared for different targets in Figs. 32
to 34. Although the g7a data is statistically limited, the result of the background
subtracted fits do not favor the prediction of Brown and Rho for the mass shift
(20%) or Hatsuda and Lee (o = 0.16 +£0.06). Fit results on carbon data indicate no
sensitivity to the mass shift predicted by the Hatsuda and Lee model, while Fe data
do not favor the predicted shift. The shape of the narrow w and ¢ vector mesons,
and the w Dalitz channel are well described by BUU model. These distributions were
then subtracted from the data to extract the experimental spectra of the p mass.
The extracted p mass distributions are shown in Fig. 35 for various targets. The
BUU model is used only to generate and subtract the shapes of well known channels
that are not the main subject of this study. The extracted p mass distributions are
then fit with the suggested functional form of 1/m3 times the Breit-Wigner function
rather than a simple Breit-Wigner distribution 2 [32, 33, 34]. The fits describe the
data very well, and the width of the p meson is consistent with the natural width
of 150 MeV. This is not compatible with the doubling of the p width reported by
NAGO [18]. It is important to mention that in the analysis of KEK, they were not
able to extract the p signal.

The ratio of the p mass distributions for Fe to D, and C to D, targets, shown
in Fig. 36, is a clean model-independent method to measure a possible shift in the

mass of the p. The ratios obtained from the g7a data are shown on the bottom

%In the dilepton emission diagram there is a photon line that gives the dilepton pair. The
corresponding propagator has the form of 1/¢?> = 1/m?. This term contributes as 1/m?* in the

cross section while the phase space also gives a factor of m resulting to a 1/m? factor [31].
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panel of Fig. 36. A linear fit was performed to approximate the shape of the ratio
of the two mass distributions in the region of interest and was used to estimate the
sensitivity to a mass shift. In order to illustrate this sensitivity, the ratios are also
obtained using the BUU model by generating five times more statistics than in the
g7a data. The result is shown in the top and middle panels of Fig. 36 for C and Fe
targets, with and without including the prediction of Hatsuda and Lee for the mass
shift, respectively.

To investigate the sensitivity of the current data to a mass shift, the slope of
the linear fit is shown as a function of mass shift parameter, o, in Fig. 37. The
solid (Nb) and dashed (Fe) lines are obtained from simulation by shifting the p mass
distributions of the Fe and Nb targets and fitting the ratio of the shifted to unshifted
distributions by a polynomial of order one. The fit to the data (Fig. 36, bottom)
shows a slope consistent with a small mass shift of 10+10 MeV (consistent with
zero) corresponding to a = 0.02 £ 0.02 (A« < 0.06 within a 99% confidence level).
This sensitivity can be improved by increasing the statistics and using a Nb target
with a larger effective density of p = 0.6py compared to that of Fe (p = 0.3py). The
prediction of Hatsuda and Lee and the KEK result are also shown in Fig. 37. The
g7a results are not consistent with either of them. The expected g7b sensitivity to
the measurement of « is about £0.007 (A« = 0.02 within a 99% confidence level).

The result of the fit to the ratio obtained from the BUU model with no shifts
(Fig. 36, top), indicates more or less the same result compared to g7a (Fig. 36,
bottom). Note that the Dy target in the BUU model is not treated as a nucleus but
a proton and a neutron. Therefore, some nuclear effects (mentioned in Sec. 4.5)
which are not included for the D, target, lead to a non-zero slope of the ratios in

the top plots of Fig. 36.
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7 g7b Running Conditions

The main goal of the g7b experiment is to study the p meson which requires in-
creasing the g7a statistics by a factor of 4-5. This can be achieved by a combination
of increasing the instantaneous luminosity and the running time. In order to in-
crease the statistics of the g7b experiment compared to g7a, we plan to increase the

integrated luminosity by

e increasing the target thickness by a factor of 2-2.5,

e increasing the running time by a factor of two (36 days).
The g7b running conditions will be the same as for g7a:

e Maximum torus setting of 1950A at nominal polarity.

Minitorus setting of 6000A.

Tagger ON, but not included in the trigger.

No start counter.

Photon beam energy of 3-4 GeV.

7.1 Data Rate

The g7a trigger rates were about 150 Hz for the two lepton trigger and 660 Hz for
the single lepton trigger. The maximum rate of the Hall B data acquisition (DAQ)
system has increased from the g7a value of 3 kHz to at least 6 kHz today. This
improved DAQ rate provides room to increase the data rate for the g7b experiment.

We propose to increase the instantaneous luminosity by a factor of 2-2.5. For
g7a, the average hit occupancy in each Region 1 sector in CLAS was about 1.2%.
Scaling the data rate by a factor of 2 will keep the DC occupancy below 3% which
is within the operating limits of the CLAS detector.

7.2 Trigger

The triggers for g7b will be the same as the original g7a experiment. In g7a, there
were two lepton triggers. The first trigger was set with two lepton tracks which

involved hits coincident in the EC, CC, and SC detectors in two different sectors.
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The EC and CC components identified the track as a lepton. The SC component
guaranteed that the track was charged and rejected accidental photons in the EC
and CC 3. The second trigger was a coincidence in the EC, CC, and SC for one
sector, which was set for single lepton events and was employed as a systematic
check of accidental leptons. The first trigger is always present in the second trigger.
For both triggers, a level 2 condition was applied to require at least one track to be
identified by the DC. The level 2 requirement was 3 hits out of 5 DC layers.

It should be emphasized that the tagger was not included in the physics trigger
logic in g7a. With the g7a flux of 5 x 107y/s, the rate in the tagger timing counters
was on the order of 50 MHz. The physics trigger rates are on the order of a few
hundred Hz. Including the tagger in the trigger would have been ineffective in
reducing the data rate. For g7b, we plan again to exclude the tagger from the

trigger logic.

7.3 Background Rates

Scaling the instantaneous luminosity by a factor of 2-2.5 will not increase the acci-
dental rate to a point where the data is swamped by background. Figs. 38 and 39
show the single lepton and two lepton trigger rates as a function of the beam current.
From the linear behavior seen in both plots, the trigger rates are not dominated by

the accidentals.
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Figure 38: Single lepton trigger rate for the g7a data as a function of beam current.

3The trigger requirement was 3 out of 4 EC-CC elements.
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Figure 39: Two lepton trigger rate for the g7a data as a function of beam current.

7.4 g7b Target Geometry

The multi-segment g7a target contains material with different average densities. It
consists of a cell of liquid deuterium (LDy) and seven solid thin foils of C, Fe, Ti,
and Pb, that each contain 1 g/cm? of material. Four carbon targets were used in
the g7a experiment to study the effect of vertex position and CLAS acceptance. We
plan to reduce the number of foils from seven to three including only C, Fe, and Nb,

each containing 2-2.5 g/cm?

of material. Replacing Pb with Nb will significantly
reduce the background, and increase the sensitivity in the measurement of the shift
parameter . The spacing between the targets can also be increased for a better
vertex resolution and to reduce multiple scattering. The Dy target will still be used
since the small Dy nucleus is a good reference where no major density-dependent
effect is expected. The D, target has contributions from both the proton and the
neutron compared to Hy and includes some Fermi motion inside. Furthermore, the
same amount of LD, takes less space than LH; and allows enough space in the
scattering chamber to put the other solid foils and separate them sufficiently to

avoid multiple scattering effects.
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Figure 40: Expected invariant mass spectrum for g7b experiment from simulation
showing contributions from various channels. The curves are: w (red), ¢ (dark blue),
w Dalitz (light blue), and p (black) channels. The expected uncorrelated background

is shown in brown.

7.5 g7b Expected Invariant Mass Distribution

Increasing the statistics by a factor of 4-5 will increase the amount of correlated
ete pairs by a factor of 4-5. However, the uncorrelated background will increase
by a factor of 10. This is due to the fact that increasing the luminosity by a factor of
2-2.5 will increase the uncorrelated background by a factor of 4-6.2, while increasing
the running time increases the amount of background by an additional factor of 2.
Fig. 40 shows the expected invariant mass distribution obtained from the simulation
for an Fe target with five times more statistics than the g7a data set. The expected
uncorrelated background is also shown in the same figure. The ratio of the p signal
to the uncorrelated background is estimated to be at the level of one to one.

The shape and normalization of the background will be determined using the
mixed-event technique. The g7b data is expected to provide a more accurate es-
timation of the uncorrelated background compared to g7a because of the higher
statistics of the same-charge events. The expected number of each vector meson for

the g7b experiment is given in Table 2 for the various targets.
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Target p w [0
Dy | 9750 £ 98 | 2250 + 47 | 465 + 21
C 5500 £ 74 | 1550 £ 39 | 320 £+ 18
Fe 4145 + 64 | 825 £ 28 | 190 + 14
Nb | 2500 £ 50 | 650 & 25 | 125 £ 11

Table 2: Expected number of vector mesons for the g7b experiment.

7.6 Beam Time Request

We request 36 days of beam time for g7b experiment. The goal of the g7b experiment
is to increase the integrated luminosity over g7a by a factor of 4-5. The CLAS
detector can sustain a factor of 2-2.5 in rate which will be achieved by increasing

the target thickness. By doubling the running time to 36 days we will achieve the

desire sensitivity.

57




8 Summary

In summary, we propose an extension for the g7a experiment (g7b) with a photon
beam up to 3-4 GeV on a set of nuclear targets (Dy, C, Fe, Nb) using the CLAS
detector. The g7a experiment was designed to search for medium modifications
of the light vector mesons p, w, and ¢ via their leptonic decay. The result of the
analysis of the g7a data set has demonstrated the ability to detect the ete™ decay of
all three vector mesons. This leptonic decay channel is preferred over the hadronic
modes to avoid final-state interactions. The main goal of the g7a/b experiment is to
study the in-medium changes in the mass and/or width of the p meson. This is due
to the fact that a larger fraction of the produced p mesons decay inside the nuclear
targets due to their small life time (c¢7, = 1.3 fm), compared to the w (c7, = 23.4
fm) and ¢ (cr, = 44.4 fm) mesons.

The g7a data determined a value of 0.02 4+ 0.02 for the mass shift parameter, «,
in Fe. The g7a results rule out the prediction of Brown and Rho for a 20% mass
shift and Hatsuda and Lee for « = 0.16 = 0.06 in C and Fe targets. The result of
the KEK measurement (o = 0.09 £ 0.002) is not consistent with the g7a results.
g7 results are not compatible with the doubling of the width of the p reported by
NAGO [18]. The extension of the g7a experiment (g7b) is proposed to increase the
statistics in order to lower the limits on the mass shift measurements (o = 0.0—0.1)
with a higher sensitivity of Aa = 0.007.

The correlated and uncorrelated sources of lepton pairs contributing to the eTe™
invariant mass distribution were fully investigated for the g7a data. The p mass
spectral function has been extracted from the g7a data for each target using the
well-known mixed-event technique to determine the uncorrelated background, and
by subtracting all the contributing channels.

Increasing the amount of data by a factor of 4-5 together with a heavier target,
Nb (with larger effective density), will make it possible to confirm these results
with a higher sensitivity, and put a more stringent limit on the p mass shift and a.
It will also be possible to investigate the medium effect on the width of the p by
increasing the statistics. More statistics from the g7b experiment would also allow
us to investigate the momentum dependence of the medium modifications predicted
by theoretical calculations [36].

The higher statistics in the g7b experiment will be obtained by increasing the

instantaneous luminosity and the running time. The running time of 36 days to-
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gether with the higher luminosity will give an increase by a factor of 4-5 over the
g7a data. For the ¢ meson, the increase in statistics is not enough to compete with
the KEK results. However, it might be possible to test some of their conclusions.
The modification of the fundamental properties of the vector mesons, such as
the mass and width, in a dense medium is currently a key component of under-
standing QCD. While there are a number of experiments investigating in-medium
modifications, no definitive result has yet been obtained after many years of study.
The unique characteristics of the g7a/b experiment: an electromagnetic probe and
a final state uncomplicated by strong interactions, provides a direct measurement

of the p meson spectral function in the variety of targets.
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