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PROBING NUCLEAR MATTER WITH DILEPTONS 

L. S. Schroeder 

Nuclear Science Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

USA 

1. Introduction 

Dileptons have a long and distinguished history in particle physics, e.g., the 
discovery of the J/• and its impact on QCD. In nuclear science dileptons are now 
being employed to study many interesting features associated with pA and AA 
collisions at intermediate and high energies. From a theoretical point of view, 
dileptons are particularly interesting since at high energies they can arise from 
basic quark-quark or quark-antiquark processes as shown in Fig. 1 (a,b,c)--as such 
they can be used to probe the quark ~degrees-of-freedom" in the collision. In 
addition, there are other potential sources of d1leptons, such as the~+-~- anni­
hilation and hadron1c(both baryons and mesons) bremsstrahlung processes indicated 
in Fig. 1 (d,e). We shall see these are also of interest in helping probe extreme 
conditions of temperature (T) and density (p) in nuclear matter. From the 

Fig. 1 
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Examples of processes yielding dileptons (e+e- or ~+~-) in 
hadron-nucleus and nucleus-nucleus collisions. 



experimental side, leptons and dilepton are felt to be particularly useful since 

they interact weakly with matter and therefore serve as relatively undistorted 

probes of various stages (pre-equilibrium, equilibrium and the late frozen phase) 

of the collision process. 

In the remainder of the talk I will: 

a) 

b) 

c) 

Briefly describe what's known experimentally about dileptons, 

Review their use in upcoming experiments with light ions at the CERN 

SPs1•2--possible signatures of quark matter format.ion, 3•4 and 

Discuss their use in an upcoming experiment with a new spectrometer at 

Berkeley--probing the nuclear matter equation of state (EOS) at high 

T, p. 

2. Some Features of Dilepton Spectra 

Fig. 2 displays the dimuon mass spectrum as measured by the Chicago-Princeton 

group in ~--nucleon collisions at 225 GeV/c. 5 The solid curve represents the 

estimates of the Orell-Yan hard quark-antiquark scattering process. A rich 

spectrum of resonances are observed above an apparently smooth background. The 

Drell-Yan process provides an adequate explanation of the data forM >3 GeV, 
llll 

i.e., in the region where perturbative QCD is expected to be valid. However, it 

completely underestimates the yield at lower masses. The region below a few GeV 

then appears to have an "anomalous enhancement" of dileptons. At present, there is 

no adequate explanation for these low-mass pairs; although such things as the 

decay of heavy mesons and quark/hadronic bremsstrahlung processes have been 

considered--and must provide a portion of the observed signal. In Fig. 3 we see 

that pair masses in this region(< few GeV) scale as~ 11M
2

, where M = dilr'i'ton 

mass. Also the yield appears to be relatively insensitive to energy and projectile 

type between 13-225 GeV/c. 6- 9 A more detailed discussion of dileptons and direct 

leptons (whose source should be dileptons) can be found in the review article by H. 

Specht in the Proceedings of QM'84. 10 Since the dilepton spectrum is sensitive 

to the quark "degrees-of-freedom," and because dileptons can exit the interaction 

volume unscathed, they have been high on the list of experimental observables in 
3 4 the search for the quark-gluon plasma (QGP). ' Recently, L. Mclerren has 

provided a summary11 of the physics that one is sensitive to for various ranges 

of dilepton masses. This is summarized below: 

Dilepton Pair Mass 

a) 

b) 
c) 
d) 

< 50 MeV 

50-500 MeV 
500-3000 MeV 
3000-10000 MeV 

2 

Physics Probed 

coherent emission from local charge 
fluctuations 
QGP emission plus hadronic decays 
QGP emission 
Drell-Yan, perturbative QCO 

f\ 
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Fig.2 Oirnuon mass spectrum measured by~ 
thicago-Princeton group (Ref. 5) 
Solid curve is Orell-Yan 
prediction . 
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Fig. 3 Compilation of dilepton 
mass spectrum from 
several experiments 
(Refs. 6-9). 
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The region below 3 GeV is clearly a region of non-perturbative QCO and is the 

one receiving the most experimental attention in the upcoming high energy light icn 

program at the CERN SPS. 

3. Dilepton Program at the CERN SPS 

Beginning in November 1986 there will be a major 17 day running period with 
16o ions for physics studies at 60-200 GeV/nucleon at the CERN SPS. 1 This is . . 
to be followed by an additional period in September-October 1987. Simultaneous 

with this, light ions {up to 32s) will be available at the Brookhaven AGS at 14 

GeV/nucleon. 12 For the future, Brookhaven is planning a dedicated Relativistic 

Heavy Ion Collider {RHIC) which would feature Au+Au collisions at 100 GeV/nucleon 

in each beam. The central thrust of studying nucleus-nucleus collisions at high 

energies is to produce and study the QGP. In this talk I will be discussing only 

the CERN program on dileptons. 

High energy nuclear beams at the CERN accelerator complex have been made 

possible by the addition of an ion source {built by Geller) and a RFQ {built by GSI 

and LBL) which are used to inject an existing linac at the PS. Ions are 

accelerated in the PS, transferred and accelerated to the desired energy in the 

SPS, and finally extracted into the North and West experimental halls for physics 

studies in a variety of detectors. 1 Six major experiments and several smaller 

ones, involving -300 nuclear and particle physicists are poised to carry out this 

program. Two of these experiments {NA34 and NA38) have the capacity of measuring 

the spectrum of dileptons. To give you a feeling for the scale of these 

measurements, Fig, 4 shows the NA34 setup. It consists of five different 
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Fig. 4 Schematic of the NA34 experiment at the CERN SPS. 
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elements:2 1) target+ vertex detector system, 2) 4~ calorimeter with separate 

EM and hadronic sections, 3) compact forward electron spectrometer (Mee < 1000 

MeV), 4) forward muon spectrometer (formerly NA3) covering from 250 MeV to beyond 

the J/w and 5) wide angle external spectrometer. Strong filtering (~10 inter­

action lengths) is used after the target to remove hadrons and limit decays of 

~·s and K1 s into muons. In this way they expect to reduce the problems arising 

from high multiplicities (expect events with ~100-1000 particles at 200 GeV/ 

nucleon), lepton identification, and combinatorics. The question of individual 

electron tracking and identification is made particularly difficult in the front 

-end of the system by the 1-2 e-pairs expected from ~0 -Dalitz decay alone (they 

anticipate ~100-200 ~01 S for central collision events). A wide angle pair 

spectrometer is being designed, but will not be available for the first round of 

experiments. Clearly NA34 has undertaken a very ambitious plan to search for the 

QGP. As in all the CERN experiments, one will not look for a single signature but 

must look at correlations within a given event, e.g., dilepton mass spectrum 

correlated with high multiplicity (M) or high transverse energy flow (ET), 

correlations between strange particle production and global observables (M, ET, 

dN/dy, ... ) , etc. 

Before leaving this section a word is in order on what we might expect from 

dilepton measurements at SPS energies. Fig. 5 shows a dimuon mass spectrum as 

Fig. 5 Shape of dilepton (~+~-) 
low-mass spectrum (calculated by 
Ref.(3) for different values of 
the temperature of the source 
(T0 = 150, 170, 180 MeV) for a 
fixed critical temperature of 
Tc = 160 MeV. 
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calculated by S. Chin13 assuming only two contributions: 1) ~+-~-annihilation 
and 2) a thermalized QGP with a critical temperature of Tc = 160 MeV. For a 

source at T = 150 MeV, only the annihilation process (dominated by the p-form 
0 

factor) contributes but above Tc =160 MeV the QGP provides a substantial yield, 

particularly forM < 500 MeV. Note that the strong roll over at ~400 MeV 
l.ll.l 

is due to the finite muon mass, and would not be there for the case of e•e-

production. Clearly such a calculation is meant to be illustrative at best since 

it neglects many other potential sources of dileptons. But it does indicate that 

the low-mass region is of particular interest if one is searching for effects due 

to the QGP. As a further experimental handle on detecting quark matter, one would 
want to study the mass spectrum of Fig. 5 for increasing projectile mass, since the 

QGP should be sensitive to the volume («A), while the annihilation process should 

be more of a surface term («A213 ) associated with the later hadronic phase of 

the collision. 

4. Dileptons at the Bevalac 

Over the last two years an LBL/Clermont-Ferrand/Johns-Hopkins/Louisiana state/ 

Northwestern/UCLA collaboration14 has undertaken the design and construction of a 

major new system called the Dilepton Spectrometer (DLS). The DLS will measure the 

effective mass of e+e- pairs at Bevalac energies. At 1-2 GeV/nucleon in the 

laboratory one does not expect dileptons to arise from formation of the QGP, but 

rather as the emission ~f bremsstrahlung (virtual y ~ e+e-) from cascading 

baryons in the hot, compressed stage of the collision process (see Fig.1e) and from 

~+-~-annihilation (see Fig. 1d). Just as in the high energy case, at 

Bevalac energies dileptons serve as excellent probes since they can exit the 

interaction volume without being distorted. Kapusta 15 has indicated that the 

region from 20-250 MeV should be sensitive to the hadronic bremsstrahlung (both 
+ -initial and final state particles), while above 280 MeV (~2m) the~-~ 

~ 

annihilation contribution can be studied. A very preliminary estimate of the 

expected production yield per unit volume per unit mass for these two processes is 

shown in Fig. 6 for nucleus-nucleus collisions at Bevalac energies. Two fireball 

temperatures (T = 50 and 100 MeV) were assumed at a baryon density of 2p
0

. At 

50 MeV the ~+-~- annihilation process will be undetectable, but by 100 MeV 

it should be observable. In addition, the annihilation contribution should be 

sensitive to the pion dispersion relation in hot, compressed matter. Experimental 

data on dileptons (e+e- at Bevalac) will then be compared with various 

theoretical models to gain more insight into the EOS of nuclear matter at high T, p. 
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Fig. 6 Preliminary estimate (Ref. 15) of the rate of dilepton (e 1 e-) em1ss1on 
in nucleus-nucleus collisions at Bevalac energies. Two source temperatures 
are assumed (solid=· 100 MeV, dashed= 50 MeV). 
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Fig. 7 shows a plan view of the DLS. It consists of two identical magnetic 

arms each of AQ -170 msr. Each arm contains: 1) a large aperture dipole 

(Bmax -5 kG), 2) segmented gas cerenkov counters (front and back of magnet) to 
identify electrons and positrons, 3) scintillation hodoscopes to provide fast 

electronic signals, and 4) drift chambers in front and back of the magnet for 
+ tracking the e-•s. Segmented targets are located inside a scattering chamber. 

Fig. 7 Plan view of the DLS. 
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This chamber is surrounded by a multiplicity array to help distinguish between 

central and peripheral events.· The OLS has had one test run (May 1986) and will 
commence full-scale operation in late 1986/early 1987. 
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A fundamental limitation to our e+e- studies at Berkeley lies in the fact 

that the Bevalac intensity for masses > 56 is insufficient for a systematic 

dilepton program. But it is precisely the heavier masses that one needs to produce 

nighT, p nuclear matter. Berkeley has recently proposed a Bevalac Upgrade16 

whereby the Bevatron•s main ring would be replaced by a modern synchrotron such as 

that shown in Fig. 8. Such a device would be capable of providing increased beam 

currents of -100-1000 over those presently available and would serve as the focus 

of a very broad-based nuclear science program. In particular, for the DLS program 

the Bevalac Upgrade would provide: 
a) 109/sec for heavy (A >100 beams), 

b) Enhance data rate (-lOX), 
c) Permit e+e- measurements to lower energies and to da/dM- nb/GeV 

level (presently expect l-10 pb/GeV at the Bevalac), 

d) Allow data at higher P
1

•s (-1 GeV/c) for e+e- pairs, which 

should help distinguish between different production mechanisms. 

Fig. 8 

BEVALAC UPGRADE 

\ I 
Existing Experimental Facilities 

View of Bevalac Upgrade showing replacement synchrotron and existing 
experimental halls. 
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5. Summary 

Dileptons are widely considered as one of the fundamental tools available for 

gaining insight into nuclear matter under extreme conditions--whether in the quest 

for the QGP or learning more about the EOS of nuclear matter at high T, p. 

At B~rkeley by mid-1987 we expect to have our first results on pA ~ e+e-

+ x(-2.1 GeV/nucleon). On the same time-scale several groups should have early 
+ - + - 16 results on the e e and p p mass spectra in O+A collisions at 

60-200 GeV/nucleon at the CERN SPS. These will be eagerly awaited for at the next 

Quark Matter meeting (August 1987) as perhaps our first inkling of the QGP. There· 
is no dedicated experiment at the Brookhaven AGS to measure dileptons at present, 

but experiments are expected later--particularly when the heavy beam capability 

(AGS booster) is realized (-1989). Finally, several groups are looking at 

dilepton possibilities for RHIC (physics in the 1990 1 s). The future for this probe 

looks promising! 
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