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Abstract

We discuss the prospects for observing the mass of p- and aj-mesons
around nuclear matter density by studying their coherent photopro-
duction in nuclear targets and subsequent in-medium decay into e+e~
pairs. The quantum interference of p- and w-mesons in the e+e~ chan-
nel and the interference between Bethe-Heitler pairs and dielectrons
from vector meson decays are of particular interest.

1. Introduction

In 1991, Brown and Rho [1] proposed to link the dynamical generation of vector meson
masses (and more generally of the masses of light quark hadrons) to the condensation of
quark-antiquark pairs in the QCD vacuum. Using a low-density approximation, it can
be shown [2,3] that the quark condensate decreases linearly with increasing density as a
consequence of the progressive restoration of chiral symmetry. Vector meson masses are
therefore expected to be smaller in nuclei than in free space. More precisely, Brown and
Rho [1] found that vector meson masses scale with the cubic root of the quark condensate.
At the saturation density of nuclear matter (po), this implies that the p(770) and u;(782)
masses have decreased by about 20%, a very sizable effect. Decreasing in-medium vector
meson masses linked to the decrease of the quark condensate were also obtained by making
use of the techniques of QCD sum rules in matter [4,5].

The purpose of this paper is to discuss the simplest process in which decreasing vector
meson masses in nuclei could be observed. We consider the photoproduction of p- and u>-
mesons in heavy nuclear targets for photon energies of the order of a few GeV. At very low
momentum transfers (|q2| < 0.02 GeV2), this process is coherent [6]. By passing in the field
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of a nucleus, the initial photon converts into a p- or an w-meson, the target remaining in
the ground state. At larger momentum transfers (|q2| > 0.04 GeV2), the photoproduction
of vector mesons from nuclei becomes mostly incoherent and leads to all possible final
states of the target nucleus [6]. The total width of p-mesons in free space is (151.2 ± 1.2)
MeV, corresponding to a propagation length of 1.3 fm, while the total width of u;-mesons
in free space is (8.43 ± 0.10) MeV, implying a propagation length of 23.4 fm [7]. We shall
discuss the kinematic conditions in which at least /?-mesons are expected to be produced
and decay inside the target nucleus.

Vector mesons decay predominantly into two pions (p-mesons) or into three pions
(tu-mesons). If these decays take place in nuclei, the emitted pions interact strongly with
the surrounding matter and the information on the in-medium vector meson masses is lost
through these final state interactions. To preserve this information, p- and w-mesons ought
to be detected by their decay into particles interacting weakly with matter. We consider
the e+e~ channel. The partial widths of p- and w-mesons in this channel are of 6.77 keV
and 0.60 keV respectively [7], leading to small but measurable cross sections. The study
of the photoproduction of vector mesons in nuclei through the dielectron channel, in both
coherent and incoherent kinematics, is planned at CEBAF with the CLAS detector [8,9].

In the reaction (7, e+e~) on nuclei, not all e+e~ pairs come from the decay of vector
mesons, even in the range of invariant masses close to the p and u masses. The production
of Bethe-Heitler pairs in the Coulomb field of the target nucleus, shown in Fig. 1, is a
major fraction of the cross section [10]. At E7 = 5.1 GeV, the coherent photoproduction
of e+e~ pairs (700 < me+e- < 900 MeV) on light nuclei has been very successfuly ana-
lyzed assuming that the Bethe-Heitler pairs and the e~*~e~ decays of the p- and w-mesons
dominate the cross section [10].

In experiments where e+e~ pairs are detected symmetrically around the beam axis,
the Bethe-Heitler pair contribution does not interfere with the vector meson terms [10]. It
can be calculated accurately and subtracted from the data. It is then possible to obtain
the spectrum of e+e~ pairs due solely to the decay of p- and w-mesons. At E7 = 5.1
GeV, this spectrum shows an interesting interference pattern which is very sensitive to
vector meson properties (masses, widths, couplings) [10]. This result suggests that this
observable measured at lower energies, chosen so that most of the p-mesons decay inside
the target nucleus where they are produced, could be very helpful in determining vector
meson properties in the nuclear medium.

When the electron and the positron are emitted at different angles with respect to
the beam axis, it is useful to consider combinations of pair production cross sections which
are symmetric or antisymmetric for the exchange of the electron and the positron. In
asymmetric combinations of e+e~ cross sections, the Bethe-Heitler contribution interferes
with the vector meson e+e~ decay contribution. At sufficiently high energy (E7 = 4-6
GeV), these measurements provide direct information on the relative phase of the p-meson
photoproduction amplitude and the Bethe-Heitler amplitude [11]. The asymmetric event
distribution as function of the e+e~ pair transverse momentum depends very sensitively
on the e+e~ pair invariant mass and exhibits a characteristic oscillatory behaviour in the
vicinity of the p-meson mass [11]. Such data taken at lower energies are therefore expected
to be also of interest to study vector meson masses at finite baryon density.



Fig. 1. Bethe-Heitler graphs for the production of e+e pairs in the A(7, e+e )A reaction.

This paper is organized as follows. In Section 2, we discuss the kinematics appropriate
to the observation of in-medium vector meson properties through dielectron spectra in
photoproduction experiments. Section 3 is devoted to an analysis of the p-u interference
in the e+e~ channel and Section 4 to a discussion of the interference of Bethe-Heitler and
vector meson e+e~ decay amplitudes. We conclude by a few remarks in Section 5.

2. Kinematics

To establish the main features of the kinematics of vector meson photoproduction, we
consider the photoproduction of a zero-width p°-meson, as illustrated in Fig. 2. A* denotes
an excited state of the target. The reaction is coherent when A* = A and incoherent
otherwise.

(Ey,pr ) (E0,pD)
-p. rp

(E2 ,p2)

Fig. 2. Photoproduction of a p°-meson on a nuclear target.



The first important aspect is the kinematic range in which coherent and incoherent
processes can be studied. The two relevant variables in this respect are the photon energy
E7 and the 3-momentum tranfer q. The separation between coherent and incoherent cross
sections for the photoproduction of p° -mesons on 208Pb is shown in Fig. 3 [6]. Coherent
reactions are best studied around 6 = 0 (by symmetric 7r+7r~ or e+e~ decays). At zero
degree, the energy tranfer is very small and q2 ~ — q 2. We indicate in Table 1 the value
of t = q2 at 8 — 0 for proton and 208Pb targets as function of E7.

Ey(GeV)

4

3.5

3

2.5

2

1.5

t9=0(GeV2/c2)onp

-0.0061

-0.0081

-0.0114

-0.0171

-0.0290

-0.0621

t9=o(GeV2/c2)on208Pb

-0.0056

-0.0074

-0.0101

-0.0148

-0.0238

-0.0453

Table 1. Kinematics at 9 = 0 as function of the photon energy and target mass.

From Table 1 and Fig. 3, it is clear that the coherent peak at small momentum
transfers on 208Pb can but be studied in reactions induced by photons of energies E7 >
2.5 GeV. For E7 ~ 2 GeV, the coherent and incoherent contributions to the 208Pb (7, p°)
cross section are roughly equal at 8 = 0. The photoproduction of p and a;-mesons in nuclei
close to threshold (1.1 < E7 < 2 GeV) is expected to be mostly an incoherent process. We
remark that the theoretical curves shown in Fig. 3 are based on assumptions which are
not valid close to threshold [6].

For nuclei lighter than 208Pb, the coherent peak is less steep [12]. For a 64Cu target,
the first diffraction minimum of the coherent cross section is around t = -0.03 GeV2/c2

(rather than at t = -0.02 GeV2/c2) and the coherent peak is largely covered by measuring
/)°'s of momentum pp = 2.7 GeV/c [6]. In the diffractive picture of coherent vector meson
photoproduction, where the target acts as an absorptive disk, this behaviour reflects simply
the change of the disk radius with decreasing target mass.

A second important kinematic constraint to study vector meson properties through
their photoproduction in nuclei is the requirement that at least p-mesons be produced and
decay mostly inside the target. The two quantities of interest to discuss this question are
the in-medium width of vector mesons and the Lorentz factor characterizing the dilatation
of their formation time and lifetime.

The width of vector mesons in matter is generally expected to be larger than in
free space because of the additional decay channels available at finite density. A detailed
calculation [13] suggests that the /j-meson width increases rapidly with increasing density.
At p=p°, the p-meson width is found to be about twice the free space value. On the
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Fig. 3. Coherent and incoherent contributions to the photoproduction of p°-mesons on
208Pb [6].

basis of this result, the average p-meson lifetime, or propagation length crp, in nuclei is
expected to be of the order of 1 fm. The broadening of w-mesons in matter due to their
G-parity violating mixing with <r-mesons (allowed for w's of finite momentum with respect
to the medium) has been studied recently [14]. A one-loop calculation of this effect in the
Walecka model [15] indicates that the w broadening at p=p° could be quite substantial at
large momentum [14], the u> width remaining nevertheless much smaller than the p width.



The study of hadron production in relativistic collisions has shown that the formation
of hadrons takes a proper time of the order of 0.5-1.0 fm associated with the confinement
length [16, 17]. This quantity has to be of the order of the strong radius of hadrons but is
otherwise rather uncertain.

Because of Lorentz time dilatation, the formation time and the lifetime of a produced
particle increases with the energy of that particle. The Lorentz factor 7 (= l / \ / l — u2/c2),
which determines the dilatation of the times associated to the creation and propagation of
vector mesons, is given in Table 2 for coherent photoproduction of p0-mesons at 9 = 0 on
208 Pb as function of E7. This particular kinematics maximizes the value of 7.

Ey (GeV)

4

3.5

3

2.5

2

1.5

7 0° on208Pb at 9 = 0)

5.2

4.5

3.9

3.2

2.6

1.9

Table 2. Lorentz factor for p°-mesons photoproduced coherently on 208Pb at 9 = 0 as
function of the initial photon energy.

We consider a />°-meson produced coherently at 9 = 0 in 208Pb at time t=0 by a 2.5
GeV photon. Assuming a lifetime r of 1 fm, it has a probability

P(t) = 1 - (1)

to have decayed after a time t. For example, P(t=4 fm) ~ 0.71.
Therefore, for a heavy target like 208Pb, the study of in-medium vector meson proper-

ties through coherent photoproduction of p°-mesons observed in the e+e~ channel around
9 = 0 seems to require photon energies of the order of 2.5 GeV, sufficiently large that
coherent production dominates and low enough that a large fraction of the p -mesons are
produced and decay in the 208Pb target. However, if the resolution of the experiment is
such that the events in which the target remains in the ground state can be separated
from those involving target excitations, somewhat lower energies (E7 ~ 2 GeV) might be
preferable. For lighter targets, optimal energies should be between 2 and 2.5 GeV. We
emphasize that these estimates depend exponentially on the poorly known formation time
and in-medium lifetime of p°-mesons.

The incoherent photoproduction of vector mesons in nuclei can be best studied close
to threshold or at a large angle.



3. Quantum interference of p- and cj-mesons in the e+e channel in coherent
photoproduction reactions

The coherent photoproduction of p- and w-mesons on a Be target (r^e — 2.5 fin) has been
studied in the e+e~ channel at E7 = 5.1 GeV [10]. At that energy, the Lorentz factor 7
is 6.7, so that the probability that p-mesons are produced and decay inside the target is
very small. These data on Be reflect therefore mostly the characteristics of coherent p- and
u-meson photoproduction on free nucleons. The e+e~ pairs are detected symmetrically so
that Bethe-Heitler pairs (Fig. 1) and the dielectrons from p- and w-meson decays do not
interfere [10]. Subtracting the Bethe-Heitler contribution, the processes corresponding to
the diffractive production of p- and u;-mesons followed by their e+e~ decay can be isolated
[10]. They are represented by the graphs of Fig. 4.

Fig. 4. Diffractive production of p- and w-mesons from a Be target observed in the e+e
channel.

We write the ratio of the pBe and wBe scattering amplitudes as

where

A(uBe) ' ' '
is the relative phase between the two amplitudes shown in Fig. 4.

(2)



The cross section corresponding to those processes is proportional to

(3)

MJ - m2 - iMpTp - m2 -

in which gp and gw are the coupling constants associated with the conversion of photons
into p- and w-mesons respectively and m is the e+e~ pair invariant mass [10]. The cor-
responding spectrum is shown in Fig. 5. The solid curve is the analysis using Eq. (3)
with p- and w-meson parameters as available at the time of the experiment. The dotted
curve shows the spectrum obtained with present values of the masses and widths of vector
mesons [18].

The value of the 9?pw phase is determined to be [10]

= 41° ± 20°

with

and

2.6
-1.6

(4)

(5)

(6)

To understand the shape of the mass spectrum, we have plotted the quantity,

|J2|e«
- m2 - iMpTp g*

(7)

which consists of contributions coming from the p-meson, from the u -meson and from
their quantum interference respectively. This is illustrated in Fig. 6.

We remark that the quantum interference is constructive on the left side of the u-
peak and destructive on its right side. This interference is of course a consequence of the
property that p- and u-mesons have very similar masses (Mp = 768 MeV, Mu = 782 MeV).

Assuming a similar coherent photopro duct ion experiment at lower energy (E7 ~ 2.5
GeV as discussed in the previous section) and on a heavy target could be done, changes
in the p mass and width would reflect directly in the e+e~ invariant mass spectrum in
the region where p and u;-mesons interfere constructively [18]. Unless the w-meson gets
very much broadened in nuclei [14], the produced w's should decay mostly outside the
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Fig. 5. e+e invariant mass spectrum for the diffractive processes (Fig. 4) in the Be
(7,e+e~) reaction at Ey = 5.1 GeV. The data and the solid curve are from Ref. 10. The
dotted line shows the spectrum obtained with updated parameters [18].

target with their free mass and width. If the mass of p-mesons is shifted to lower values,
the p contribution in Fig. 6 moves to smaller e+e~ invariant masses and the interference
pattern changes completely. To illustrate this point, we have repeated the analysis shown
in Fig. 5, changing the p-mass and keeping the other parameters constant [18]. The result
is shown in Fig. 7. Four curves are drawn, with the physical mass of the p-meson (768
MeV) and then with smaller masses : 738, 708 and 678 MeV. This simple exercise suggests
that reducing the p-mass has indeed the effect of destroying the constructive quantum
interference between e+e~ pairs coming from p and u> decays. This interference appears
therefore as a potentially interesting observable to study the p mass in nuclei.
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Fig. 6. Graphical representation of Eq. (7). The full line shows the quantity I(m). The
long-dashed line is the p-contribution, the short-dashed line the ^-contribution and the
dotted line the interference term [18].

4. Quantum interference of Bethe-Heitler pairs and dielectrons from p- and
w-meson decays

We consider the same reaction as in the previous section, Be (7, e+e~")Be, and discuss
this time a measurement of asymmetric e+e~ pairs for invariant masses in the interval
610 < m < 850 MeV and E7 = 4-6 GeV [11]. Such data are taken with a two-arm
spectrometer, the left and right arms being positioned at angles Qi and 9R with respect
to the beam direction. The momentum of the particle (e+ or e~) detected in the left and
right arms are denoted by pi and p&. The quantity 6 = PR9R — PL^L represents therefore
the transverse momentum of the pair. Using the subscripts + and - to indicate the sign of
the charge of the lepton passing through the right arm of the spectrometer, the quantities
N+(6, m) and N-(S,m) are defined as the numbers of events with e+e~ invariant mass m,
pair transverse momentum S, in the two possible cases where a positron or an electron is
detected in the right arm of the spectrometer. The quantity of interest is the asymmetry
N+(6,m) - N-(5,m).
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Fig. 7. Same as Fig. 5 with different values of the p-meson mass : 768 MeV (solid line),
738 MeV (long-dashed line), 708 MeV (intermediate dashed line), 678 MeV (short-dashed
line).

At E7=4-6 GeV, the total amplitude for e+e~ pair photoproduction in the vector
meson invariant mass region is given to a very good approximation by [11]

e- = Ae+e- (BH) + Ae+e- (p) + Ae+e- (8)

in which the first contribution to the total amplitude comes from the Bethe-Heitler pairs
shown in Fig. 1 and the second and third contributions from the dielectron decays of p-
and w-mesons displayed in Fig. 4. When e+ and e~ lines are interchanged, the Bethe-
Heitler and the vector meson graphs have opposite parity under charge conjugation (the
e+e~ pair annihilates into two photons). Therefore the asymmetry N+(6,m) - iV_(«J, m)
will be proportional to the cross terms in |Ae+e- |

2,

N+(6,m) - N-(6,m) ~ Re {A++e.(BH) [Ae+e-(p) + Ae+e-(u)]}

= A++e_ (BH)Re [Ae+e- (p) + Ae+e- («)], (9)
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the Bethe-Heitler amplitude being real. The vector meson photoproduction amplitude can
be written as

Ap + AUJ = iei^+^\Ap + Au\, (10)

where <p is the phase associated with the p-meson - nucleon amplitude and tf; is the phase
of

K 1 Ml \R\j*»>
gl Mlrn?iMT K }

Using the values of (ppuJ, \R\ and % given in Eqs. (4-6), the phase ift can be derived from

the experiment discussed in the previous section. The phase ifr is clearly mass dependent.
The asymmetry N+(8,m) - N-(6,m) properly normalized can be expressed as

* ' / \ = ™(v + V>) ri(P,P+), (12)

where p~ and p+ are the e~ and e+ 4-momenta and the function rj(p-,p+) contains the
kinematics [11].

The phase <p is then determined from the measurement of the asymmetry N+(5,m) -
N-(6,m) to be

<p= 11.8° ±4.4°, (13)

corresponding to a ratio of the real to imaginary p-nucleon amplitude of -0.2 ± 0.1 [11].
The quantity —sin(if + V>) is shown in Fig. 8. As in Fig. 5, we display a reanalysis of the
data with updated parameters.

To estimate the relevance of such measurement for studying vector meson masses in
nuclei, we repeated the calculation of —sin(tp + ift) with smaller p-meson masses, keeping
the u) mass constant, in complete analogy to the discussion of p u interference of Section
3. The result is shown in Fig. 9. The asymmetry is obviously very sensitive to Mp.

Whether such measurement can be done at lower energy in nuclei is not completely
clear. As emphasized in Section 2, the sensitivity to medium effects in heavy nuclei re-
quires that the photon energy be of the order of 2.5 GeV. For symmetric (9 = 0) pairs,
these energies are still in a kinematic domain where coherent photoproduction dominates.
For asymmetric (0 ̂  0) pairs, the 4-momentum transfer will increase and the separation of
coherent and incoherent contributions may become harder. The detailed parameters (res-
olution, angular acceptance) of the detector are therefore very important to determine the
feasibility of such measurements. The fact that vector mesons axe produced in nuclei, and
interact with the surrounding nuclear medium before decaying, also makes the theoretical
interpretation of the <p phase more intricate than at higher energies.

12
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Fig. 8. The quantity —sin((p + ip) defined in Eq. (12) as function of the invariant e+e
pair mass. The data and the solid line are from Ref. [11]. The dashed line is obtained
with updated parameters for p and u properties.
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Fig. 9. The quantity —sin(ip + t/>) denned in Eq. (12) as function of the invariant e+e
pair mass. The data are from Ref. [11]. The solid line is obtained with the free space
values of the p and u> masses. The short-dashed and long-dashed lines show the result of
the same calculation where the value of the p mass has been reduced by 50 and 100 MeV
respectively.
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4. Concluding remarks and outlook

We have reviewed in this paper quantum interferences measured in the coherent photo-
production of p- and u;-mesons decaying into e+e~ pairs in the diffractive regime (E7 =
4-6 GeV) [10,11]. The data have been taken with Be targets, so that the vector mesons
decay outside the target because of time dilatation. We have shown that these quantum
interferences are very sensitive to the p mass.

The question is whether such quantities could be measured at lower energies where,
for sufficiently heavy nuclei, p-mesons are produced and decay in the nuclear medium and
whether such data can be interpreted in terms of the p-meson mass at finite baryon density.
This is of great interest in view of the possibility of doing such measurements at CEBAF
[8,9].

To make progress on these issues, various problems ought to be solved. One needs
first a good understanding of the photoproduction of p- and w-mesons on the proton from
threshold to E7 ~ 3 GeV. These processes have been described recently by a simple meson-
exchange model in Born approximation [19] and it was found that p and u photoproduction
at E7 < 2 GeV on proton targets can be well understood as resulting from a- and TT-
exchange respectively. A detailed calculation of final state interactions is in progress [20].
Much better data than those presently available [21] are needed to pursue this work.
Secondly, it would be important to have consistent theoretical calculations of the p and u
widths in matter. The quantum interferences discussed in this paper are primarily sensitive
to vector meson masses but their shape is also determined by the p and w widths [18].
Thirdly, the final state interaction of p- and w-mesons with nuclei needs to be studied.
An estimate of the p-meson self-energy in matter derived in Ref. [19] indicates that there
could be large effects.
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