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SUMMARY OF THE WORKING GROUP ON
PENETRATING PROBES IN COLLIDER EXPERIMENTS

T. Ludlam

Brookhaven Nat ional Laboratory
Upton, New York 11973

I . THE COLLIDER ENVIRONMENT

Our s tudies of experiments and t h e i r de tec tors considered the following range
of parameters for heavy ion c o l l i d e r s :

• Beam energies up to = 100 + 100 GeV/amu.
• Ion masses up to A > 200.
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• Luminosity L < 10 cm sec" s.t top energy for A = 200.
• Collision energy can be varied down to 2 + 2 GeV/amu.

Higher top-end luminosities are achieved for lighter ion masses. In a given
machine the highest luminosity is achieved at the highest energy, the luminosity
falling in proportion to y as the energy is reduced. At the lowest energies the
luminosity may fall faster with y, owing to effects of intra-beam scattering and
aperture limitations. These characteristics are consistent with design studies
currently in progress at BNL, LBL and ORNL.

At 100 + 100 GeV/amu the available phase space spans about 10 units of
rapidity, with a central region of 2-4 units in which to look for signals from a
high temperature, baryon-free environment. The particle density here, in average
events (after selection on small impact parameter) is expected to exceed 500 per
unit of rapidity. At this energy, particles produced in the fragmentation regions
of high baryon density will be confined to angles less than a few degrees relative
to the beams.

At the low end of the collider energy range the cm. energies per nucleon are
similar to those achieved in fixed target experiments at the AGS or SPS, but with
very different considerations for detector design. The cm. frame is at rest in
the laboratory, making centrally produced particles and projectile fragments more
accessible for detection. The rates are generally much smaller than in the fixed
target case.

Fig. 1 shows a plausible guess for the average behavior of particle production
in head-on collisions of heavy nuclei. The rapidity spectra for charged particles
are obtained by scaling from proton-proton data assuming the pion multiplicity
increases in proportion with A, and incorporating a mean rapidity loss of
<Ay> = -2.5 as inferred from high energy proton-nucleus collisions.1

In Fig. 2 we illustrate some features of the geometry and kinematics of
detector systems for colliding beams. Shown here are tracking, calorimetry and



rudimentary muon detection over a l l angles, indicating how the rapidity spectrum
maps onto such an array. An interaction diamond ("source size") of » 1 meter to ta l
length is indicated for the colliding beams. A diamond length of this order is
typical of the present coll ider designs, although i t would be desirable to have i t
much shorter. A very long source makes i t necessary to reconstruct the production
vertex in order to accurately determine track angles, and i t establishes the
physical size of detectors required for a given solid angle coverage in the central
region near y = 0. The efficient use of close-in, high resolution tracking
detectors may be ruled out by a long diamond. In some col l ider designs a smaller
diamond can be achieved at the expense of reduced luminosity.

Collider detectors for nuclear beams will have much in common with their
counterparts in colliding beams of elementary pa r t i c l e s , but the design of
experiments must consider at least two important differences: First and most
striking i s the extraordinary high mult ipl ic i ty of par t i c les per event, as
indicated in Fig. 1. Second, and equally important, i s the fact that experiments
with nuclear beams must be sensitive to signals carried by soft par t ic les
character is t ic of equilibrium processes; this is in contrast to the detection of
hard-scattering phenomena in which sensi t ive tr iggers can be made blind to the vast
majority of f inal -s ta te part icles by selecting large tranaverse momenta. Here the
interest ing tracks, or patterns of tracks must be winnowed from the full spectrum
of par t ic le production. In Fig. 2 we show the average momentum of par t ic les seen
by detectors in each interval of rapidi ty .

A more specific design for a full-solid-anglc detector is given in Fig, 3.
This is based on a design study carried out at the Bielefeld Workshop" for a fixed
target detector, and i s shown here implemented as a co l l ider detector. A detector
especially geared to par t ic le indentif ication in the central region of rapidity is
i l lus t r a t ed in Fig. 4.

I I . PENETRATING PROBES

In considering "penetrating probes" we are interested in experiments whose aim
is to detect and measure signals which carry information directly from the in ter ior
of a quark-gluon plasma. These signals may be re la t ively rare. We assume that a
broad strategy for isolat ing them would be f i r s t to select events of favorable
thermodynamic characterist ics for the formation of a plasma, triggering on small
impact parameters and extremes of energy deposition. These events may then be
examined for the direct signals from the plasma, which may include photons,
leptons, virtual photons manifested by lepton pa i rs , and certain hadronic signals
such as light "onia" ($ , J/ip) and high PT j e t s . Even in the selected sample of
events these signals are s t i l l rare—the more so because, except for j e t s , they
involve identifying specific tracks among the very large number of f ina l - s t a t e
particles.

We need to set t le on seme specific measurement for a detailed study of
detector requirements. For photons (real and virtual) the kinematic range to be
explored covers a very wide spectrum onto which the physics phenomena of interest
were mapped by L. Me Lerran at this workshop as indicated in Table 1. The range of
transverse mass from just below the P meson up to roughly the J/ty mass is thought



to be most germaine to the study of d i rec t emission from the plasma, but the
extremes of the accessible energy range are also very i n t e r e s t i ng . Among the
hadronic probes, 4> and J/ty production are of in teres t in the range of PT = m,
whereas j e t s are accessible only in the high P^ regime.

I I I . EXPERIMENTS AND DETECTORS—SPECIFIC PROBES

I I I . 1. Muons

Muons are identif ied by their ab i l i t y to penetrate a thick absorber, and for
high momentum muons this provides a straightforward means of reducing the high
mul t ip l ic i ty hadronic background. Muons of momentum Pu > 5 GeV/c are required

for effective f i l t e r ing of hadrons. Thus if our i n t e r e s t in small pair massses and
transverse momenta charac ter i s t ic of plasma radiation then sensit ive measurements
with muon pairs will be res t r ic ted to forward angles (y > 2, as indicated in

Fig. 2) and high energy co l l iders . The geometry and kinematics are then similar to
high energy fixed target experiments. The sens i t iv i ty of muon-pair measurements in
such experiments is discussed in Refs. 4 and 5. In order to suppress background
muons from pion decay the detector must be as compact as pract icable , a
consideration which usually leads to sacr i f ices in the capabil i ty for tracking and
ident i f ica t ion of par t i c les other than muons. Such a compromise is i l l u s t r a t e d by
the compactness in the forward direct ion of the detector shown in Fig. 3 .

In the coll ider geometry one wil l not be able to eff ic ient ly measure low-mass,
low Pf muon pairs in the rapidity range near y = 0. The pract ical l imi ts for
pai rs emitted in the central region of rapidity are, for the reasons mentioned
above, Pu > 2 GeV/c, M̂ y > 3 GeV. This excludes the range which is expected
to be the most in teres t ing as a signal from the quark-gluon plasma (Table 1) .
However, if very high P-p muons are accessible they may provide a different kind
of probe for explaining the matter created in high energy nuclear co l l i s ions .

I I I . 2 . Electron Pairs

Effective measurement of low-mass electron pairs in the high mul t ip l i c i ty
environment of nucleus—nucleus in teract ions i s widely recognized as an important
and formidable challenge for the design of experiments. Detailed calculations of
detector response and background rates have been carried out for specif ic cases of
experiments planned for fixed target operation. > »

The instrumentation must be capable of dist inquishing electrons from a high
flux of background hadrons. Individual tracks must be resolved in detectors where
the density of charged tracks is > 100 per s teradian, and electron to hadron

reject ion at a level > 10 is required. In a set-up such as that shown in Fig. A
this can be accomplished in a specialized detector of re la t ive ly small aperture
at 90° in the cm. with the tracks most favorably disposed in laboratory angle.
For eff icient detection of low-mass pai rs a two-arm detector would be required.
Successive, independent Cerenkov measurements would provide good hadron re jec t ion .
The Cerenkov counters would have to be well segmented. If ring-imaging Cerenkov
detectors are developed to their apparent potent ia l , one has a very nice solution



for this configuration: a multitrack detector, with good position resolution which
can be made effectively blind to the multitude of background, hadronic tracks.

Specialized techniques for electron identification are not so easily
incorporated in a large solid angle, general purpose detector such as that shown in
Fig. 3. In the central rapidity region such a detector may achieve some eh
rejection through dE/dx measurements, if sensitivity is sufficiently good to work
in the relativistic rise regime. This is a severe requirement for a detector which
must also achieve efficient tracking at high multiplicities and remain relatively
compact. Some additional hadron rejection may be gained with fine-grain
segmentation in the f irst layers (" 20 rad.len.) of the calorimeter. Very soft
hadrons (3f < 2) may be rejected by time-of-flight, even in a compact geometry with

" 1 meter flight path, if the timing accuracy promised by Pestov counters can be
realized in a practical way. In the forward directions, where the laboratory
momenta are high, compact transition radiation detectors may be used for electron
identification, as illustrated in Fig. 3. All of these techniques require
efficient and precise tracking and momentum measurement.

These technical requirements for electron/hadron discrimination
notwithstanding, the most severe fundamental limitation to the study of electron
pairs in the mass and P-p range < 1 GeV is the level of background electrons from

secondary processes. Given the charged particle densities indicated in Fig. 1, we
can expect in excels of 100 ir° particles per unit of rapidity in the central
region. Thus on the average there will be " 1 e"*"e~ pair per unit of rapidity from
the decay TT° •*• e+e~1f, and > 200 photons from i"+ T T. If the detectr rs present
only 2% of a radiation length of material thickness to induce pair conversions, the
net result is > 10 electrons per unit rapidity in each event. This background can
only be eliminated by correctly reconstructing all electrons and removing pairs
with mass < 100 MeV. Design studies with detector systems optimized for this task
(see Refs. 4, 7, 8) have rather consistently concluded that the limiting
sensitivity for e+e~ pairs in the mass range .5 ~ 1 GeV is

n(e+e-) > 10-5

II I . 3. Photons

High Pf direct photons from short-distance scattering of quarks and gluons
are rare processes in hadron-hadron scattering (Fig. 5), and are seen only in
high energy, high luminosity experiments. These phenomena may be enhanced in a hot
plasma of quarks and gluons. The detector requirements include a shower counter
capable of resolving individual photons, such as the example shown in Fig. 6, and
efficient tracking to eliminate showers caused by charged particles. This problem
was not studied in detail at this Workshop, and to our knowledge the feasibility of
such an experiment in the high multiplicity environment of interest here has not
been established.

A subject of considerable discussion at this Workshop was the detection of
very soft photons. These may signify coherent fluctuations in a highly charged
plasma (c.f. Table 1), but regardless of their origin, anomolously large signals



may already be in evidence in hadron-hadron collisions. The possible observation
of photons with Ej < 100 MeV was detailed by I. Stumer at this Workshop. The
detection technique would incorporate a thin converter, and the requirement that
the observed electron pair point to the known interaction vertex, thus eliminating
large sources of background.

III. 4. High Energy Probes: Jets

In very high energy collisins of nuclei the properties of high P^ jets may
reflect the characteristics of the nuclear medium traversed by the parent partons.
This possibility is discussed in detail elsewhere in these proceedings. The
observation of jets in p-p collisions requires cm energies > 50 GeV, and the
backgrounds are much worse in collisions of heavy nuclei. It is estimated that a
collider of energy 100 + 100 GeV/amu is required. The detector must include a high
resolution calorimeter very well segmented in "Tower" geometry so that energy
deposit in small angular cones can be resolved over a large total solid angle.

IV. DETECTOR R&D

For nearly all of the measurements which we have discussed in this summary,
some sort of charged particle tracking is essential. Continued efforts in the
development of high resolution wire chambers capable of resolving individual tracks
in an environment of high track density as well as multiplicity is of foremost
importance. Approaches which seem to hold promise for improved performance include
the "controlled geometry" drift chambers being developed at CERN, and the
configurations developed at BNL to withstand the extremely high rates anticipated
for CBA. Tracking with high precision and efficiency might be required only in
small aperture devices in these experiments, but the necessity to reconstruct a
vertex position in the long luminous diamond will call for some level of tracking
information over large solid angles. High resolution silicon detectors for precise
measurements near the vertex could have many important applications, but are
practical only if the interaction diamond can be made relatively small (=• few cm.
in length). This is a case where machine developments is coupled to detector
issues.

It is agreed by all participants at this workshop that techniques of particle
identification need special attention for the heavy ion application, particularly
in view of the requirement to deal with soft particles in a high multiplicity
environment. Devices which can be made selectively blind to all but the
interesting particles, while at the same time allowing a high degree of
segmentation, are of interest. Candidates include ring imaging Cerenkov counters,
transition radiation detectors (for electrons), and possibly new advances in
time-of-flight counters.1°

Finally, it was pointed out that more information is needed on the effects of
radiation damage in the environmment of nuclear beams experiments. This includes
the effects of slow neutrons and heavily charged nuclear fragments, and applies to
detectors of all types including those which have been found to be quite robust
when exposed to elementary particle beams.
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Table 1. Direct Photons and Lepton Pairs

Transverse Mass

2 2 2
m_ = m + P Possible Sources
HC Pair T

m < 50 MeV Coherent emission from local charge
fluctuations

50 < m < 500 MeV Hadronic decays; some coherent effects

500 < nu < 3 GeV Direct emission from plasma

3 < m < 10 GeV Approach to equilibrium; s t ruc ture
functions of quarks and gluons change
and may be computable in QGD

HL, > 10 GeV Drell-Yan production



FIGURE CAPTIONS

Fig. 1. I l l u s t r a t i n g the expected charged p a r t i c l e spectra for Au + Au c o l l i s i o n s
at three co l l i de r energies. These estimates are scaled from
proton-proton and proton-nucleus data using the program HIJET. <ncj1>
i s the mean mu l t i p l i c i t y of charged p a r t i c l e s .

Fig. 2. Schematic layout of a co l l ide r de tec tor system showing the angular
correspondence with pseudorapidity (y = -£n ( t an9 /2 ) ; this corresponds to
time rapidi ty for pa r t i c l e s whose mass i s much l e s s than the t ransverse
momentum). Only the forward half of a fully symmetric detector i s
shown. The approximate average p a r t i c l e momentum, <p>, is given for each
rapidity interval.

Fig. 3. At 4TT detector for high energy colliding beams. This is derived from a
workshop design study for a fixed target detector at the CERN SPS (Ref.
2): two of these fixed target detectors are placed back-to-back along
the colliding beam axis.

Fig. 4. A wide angle spectrometer design (Ref. 3). Such a detector would study
identified particles in the central rapidity region, including leptons,
strangeness and heavy flavors.

Fig. 5. Inclusive production of photons and TT ° measured at the highest ISR
energy, along with a QCD calculation. The principal diagrams
corresponding to prompt photon and photon pair production through the
interaction of quarks and gluons is shown above. (From Ref. 10).

Fig. 6. Illustrating the segmentation of a fine-grain array of sodium Iodide
crystals and a Uranium/scintillator calorimeter wall of ISR experiment
R807/R808.
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