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Recent single-particle inclusive measurements and two-particle correlation data from
E802 and its successor, E859, are presented. The K+ / ir+ ratio observed for collisions of
14.6 A • GeV 28Si ions on various targets is presented as a function of both forward and
transverse energy. Source sizes are determined via interferometry using a-+, TT~, K+ and
proton pairs.



1 Introduction

The E802 Collaboration has studied heavy ion collisions at the BNL AGS-Tandem ac-
celerator complex since the first beams were extracted in November 1986. Results on
the systematics of forward and transverse energy production[l, 2], the yields of kaons
and pions[3], high-p? particle production[4], anti-proton production[5], Bose-Einstein
correlations^], and the comparison between nucleus-nucleus and proton-nucleus
collisions [7] have previously been reported for a variety of systems at a beam energy
of 14.6 A • GeV . The original experiment, E302, consisted of a magnetic spectrom-
eter with excellent particle identification capabilities, used in conjunction with a high-
transverse momentum ("Cerenkov") arm and global event-characterization detectors[8].
These capabilities were extended in E859 by adding a Level II trigger system with on-line
momentum and mass reconstruction^ 1] and by increasing the rapidity range of identified
particles with a Fhoswich array[9]. Here we present new results from both £802 and
E859 on the systematics of kaon and pion production, and on interferometry using 2TT~,
2x+, 2K+ and 2-proton pairs. All data reported here were measured at a beam energy of
14.6 A-GeV.

2 Systematics of Strangeness Production

The large (~ 20%) value of +he K+/ir+ ratio observed by E802 in central Si+Au
collisions[3] was shown in subsequent measurements[7] to follow an increasing trend from
proton-nucleus to nucleus-nucleus collisions. Since the controlling parameter would in
some sense appear to be the mass of the colliding species, we have studied the depen-
dence of this ratio on the number of participants in the reaction.

The variation was first studied as a function of the number of projectile participants
= Nj?,!̂ . The energy observed in our zero-degree calorimeter is converted to a mean
projectile number < N ^ ^ > assuming a simple linear scaling. The number of kaons
AN(K+) and pious AN(ir+) in the rapidity interval 0.6 < y < 1.4 (as determined by
integration of the spectrometer data) is then plotted as a function of < NjiJ.̂  >for 14.6
A • GeV 28Si incident upon Al, Cu and Au targets, as shown in Figure 1. Also shown is
a simple linear extrapolation based on the lowest bin for the Si+Al system. Clearly, both
K+ and TT+ multiplicities increase approximately linearly with < Np^- > for Si+Al, while
for the heavier systems the increase is greater than linear. Furthermore, the increase in
the kaons exceeds that of the pions, as shown by the ratio of the number of kaons AK+

to the number of pions Air+ versus < N p ^ > in Figure 2.
The dependence of the K+/ir+ ratio has also been examined as a function of the trans-

verse neutral energy detected in our lead-glass array in the region 1.25 < rj < 2.5. This
quantity provides a measure of the total number of participants (i.e., target+projectile)
in the reaction. The ratios versus transverse energy for Si+Al and Si+Au collisions are
shown in Figure 3. Note that the dependence of the K+/TT+ ratio is more linear when
plotted versus the transverse energy produced in the collision than when plotted against
< Wproj > (Figure 2), and that the ratio for Si+Al and Si+Au is roughly the same at a
given value of the transverse energy (in sharp distinction to the residual dependence on
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Figure 1: The number AN of ?r+'s and K+'s produced in the interval 0.6 < y < 1.4 for
28Si incident on Al, Cu and Au targets versus the number of projectile participants (as
determined by the hadronic energy at zero degrees).

0.30

025

0.20

0.15

0.10

? 0.06

v
CD

d

1
0.25

0.20

0.16

0.10

0.06

0.25

0.20

0.15

0.10

0.05

0.00

- Si+Cu E 8 0 2 PRELIMINARY -

-Si+Al

i i

. . . i . . . i . . . . i . . . . i . . . . i ,

305 10 Ifi 20 25

<Projectilo Participants

Figure 2: The dependence of the K + / J T + ratio on the number of projectile participants
(as determined by the hadronic energy at zero degrees).



0.*

K+/ir+ from Si+Au and Si+AI
y=[0.6.l.0l

0.1

0.0

: T T T T T T T

1-1

E802 PrJiminary

o Si+Au
a Si+Al

L..I....1.--....I

' I ' " ' ! ' " !

o Si+Au
a Si+Al

J i
M M WOO 7800 10000 1*600 4800 5000 7500 100001SSO0

ET [UeV] ET [UeV]
Figure 3: The K+/v+ ratio for two different rapidity intervals versus the transverse energy
in Si+Al (open squares) and Si+Au (open circles) collisions.

the mass of the colliding system when considered as a function of < Np^- >) . This would
indicate that the enhanced K+ production seen in this rapidity interval is correlated with
the total nuclear matter present in the overlap region for a given projectile-target combi-
nation. These results are consistent with a quantitative parameterization of the K+ / i r+

ratio for various systems[10] which makes the interesting (and relevant) prediction that
central Au+Au collisions will have a slightly lower value for K + /TT + than that observed
in central Si+Au.

Some care is necessary before providing a simplistic description of the K+/ir+ en-
hancement in terms of the rescattering of the produced hadrons in the surrounding matter.
A valuable clue may be obtained by examination of the K + / p ratio versus rapidity for
different systems. As shown in Figure 4b, the K + / p ratio for p+Be and p+Au collisions
is essentially identical for all rapidities, and increases only slightly for Si+Au collisions.
(This behavior is in marked contrast to the strong enhancement seen in the K+/ir+ ra-
tios.) Furthermore, the slight increase in K + / p in Si+Au collisions seems to be associated
with an increase in the mean transverse momentum of the protons (Figure 4b), hinting
that the enhancements in K+ production may be related to multiple interactions of the
incident nucleons.

A second piece of evidence concerning the production of kaons may be obtained from
the transverse momentum spectrum. Figure 5 shows the combined spectrometer and
Cerenkov-arm data for the transverse momentum distributions for pions and kaons from
Si+Au collisions. Over the entire range of the data, the exponential slope of the kaons
exceeds that of the pions (note thai the spectra extend nearly to the N-N kinematic
limit). Such behavior presents serious difficulties for models which attribute the enhanced
K+ production to meson-baryon scattering, since the high threshold for kaon production
implies that the produced kaons would have lower rather than higher transverse momenta
than the pions[12].
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3 Two-particle Correlations

Two-particle interferometry can determine the spatial and temporal dimensions of the
particle source(s) in heavy ion collisions[13j. In this section, we describe measurements
made by E802 and E859 of 2TT±, 2K+ and 2-proton correlations. Since the formalism for
fermions is considerably different from that for bosons, we begin with a discussion of the
conventions used.

3.1 Convention for Parameterizing Correlation Functions
First note that we use units with h = c = 1. When quoting fit parameters, all numbers
will be presented in terms of the equivalent one-dimensional root-mean-square values. For
example, the symmetric source described by

(1)

has (a:2) = (y2) = (z2) = R2 and (f2) = T2 . The corresponding correlation function is

C2(\q\,qo) = l + e-WR7-fc' . (2)

In the following, we will also provide the inferred three-dimensional rms radii, given by
r rmj = y/%R. While all of our data are consistent with the assumption of a spherically-
symmetric source, it should be kept in mind that we directly measure only two of the
three spatial dimensions.

Since some of our data sets have limited statistics, it is advantageous to analyze the
data with a one-dimensional parameterization in terms of Qjnv, defined as the invariant
relative momentum between the two-particles, i.e., Qinu = y—(pi — P2)2, where pi and p2

are four-vectors. When doing so, the correlation function will always be parameterized as

W n u ) = l + Ae-<«-*«>' . (3)

The notation "iZ,nu" is used with some trepidation: The subscript indicates that it is
associated with a fit to Qinu. However, the fact that it does not provide an invariant
description of the source radius as seen in the source rest frame plays a dominant role
in the interpretation of the two-pion and two-kaon correlations presented in Sections 3.4
and 3.6.

3.2 Formation of the Correlation Functions
All correlation functions presented here were calculated by dividing the actual relative mo-
mentum spectrum by a reference sample formed by taking tracks from different events.
Unless otherwise noted, the correlation functions presented here have been corrected
for the effects of the two-particle mutual Coulomb repulsion via a standard Gamow
factor[14, 15] and for the variation of the track-finding probability with the relative mo-
mentum of a like-sign pair. The latter correction is calculated by simulating events with
pairs of particles, each of which is thrown with the correct single-particle distributions
but with no intrinsic Bose correlations.
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Figure 6: Confidence contours for source radii and lifetimes for a.) Si+Al—• 2x~ -\-X, b.)
Si+Au-> 2v~ + X, c.) Si+Al-> 2ir+ + X, d.) Si+Au-> 2ir+ + X, collisions (all central).

3.3 Summary of the E802 Data on Two-Pion Correlations
We have previously reported results for 2TT~ and 2ir+ correlations from central collisions
of Si ions with Al and Au targets[6]. Since then, we have determined that all parame-
terizations of the various data sets are consistent with the correlations expected from a
spherical source of the form given by Eq. 1 with R = r = 2 fm. Evidence for this is
shown in Figure 6 which shows confidence contours for the fitted correlation contours. No
evidence is seen for a target-dependent variation in the source parameters, nor does there
appear to be a strong dependence on the charge of the like-pion system. The rms radius
given by rrm, = y/ZR « 3.5 fm is in good agreement with the projectile-mass scaling

/ = 1J2A)!* fm established by Bartke[16].

3.4 Impact Parameter Variation
Approximately 0.6% of all Si-f Au interactions produce a negative-pion pair in our spec-
trometer acceptance. These pair events are strongly biased towards the events with the
highest multiplicity (i.e. central events), as Figure 7 indicates. In this figure the charged
multiplicity distribution observed in our Target Multiplicity Array (TMA) is shown both
for minimum bias events and for the subset of events which produce two negative pions
in our spectrometer. Due to this correlation between centrality and the probability of
detecting pion pain, the study of the correlation function in peripheral reactions requires
not only a veto on TMA multiplicity but also an additional trigger decision (imposed in
Level II) that two negative-pion pairs are present in the spectrometer. Imposition of such
a requirement in Level II then permits the use of much higher beam fluxes without a con-
commitant increase is. the deadtime of the data acquisition system, thereby extending the
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Figure 7: The distribution of charged multiplicity (uncorrected) in Si+Au collisions at
14.6 A • GeV for minimum bias interactions, for events producing two negative pions
in the spectrometer, and for two subsets of peripheral interactions also containing two
negative pions.

study of pion correlations to the lowest 10% of all events which produce a negative-pion
pair in our acceptance. This data set, labeled "peripheral" in Figure 7, corresponds to
~ 5 x 10~4 of the total cross section for Si+Au interactions.

Using this technique, the correlation function Ci has been studied as a function of
TMA multiplicity. A typical example appears in Figure 8. Also shown is a fit to the form
given by Equation 3. By varying the window of allowed TMA multiplicity, the source size
dependence can be studied across the full range of charged multiplicity. The results are
shown in Figure 9, which demonstrates that the source radius varies by ~ 30% or less
over a range where the mean TMA multiplicity increases by a factor of six.

Three comments should be made regarding this variation. First, the present statistics
are too crude to allow a definitive statement concerning the dependence of the radius on
the event multiplicity. Secondly, the "radius" in Figure 9 is the so-called Rinv, not rrm,.
However, as shown in the Appendix, for pions in this portion of phase space, Rinv « rrm,
(for essentially accidental reasons). Finally, it should be noted that attempts to relate the
nuclear overlap region to a single radius must contend not only with the asymmetric shape
of the region but also with the likelihood that that primary nucleon-nucleon collisions more
effectively produce pions than do secondary ones.
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3.5 Proton Correlations
Two-proton correlations contain information related to the spatial distribution of the
proton-emitting region, in a manner somewhat analogous to that for pions. However, the
formalism is considerably more complicated, since the protons are fermions, have spin
one-half, and have a strong S-wave attraction. A complete analysis has been given by
Koonin [18]. There it is shown that the dominant effect is the range (technically the
volume) of the S-wave interaction, integrated over the space-time distribution of proton-
proton separations. This results in a resonance-like peak in the correlation function, whose
height is proportional to the overlap integral.

We have analyzed two-proton correlations for central collisions of incident Si ions with
Al and Au targets, both taken with a spectrometer setting of 14°, which accepts proton
rapidities of y « 1.3. The data are shown in Figure 10a.) and d.) for Al and Au,
respectively. The theoretical distributions inferred from the data are shown in panels c.)
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Figure 9: The extracted radii versus the TMA multiplicity for 14.6 A • GeV Si+Au-

and f.) of the same figure. These correlation functions are given by the expression

C2(Qino) = df (4)

where 2S+19(Qim,;r) is the two-proton wavefunction for a state of spin S as a function
of the relative momentum in the proton-proton rest-frame (= Q,-nv) and f = fi — fi
is the relative coordinate between the two protons. Figure 10 also shows the result of
convoluting the theoretical distributions[19] with the spectrometer two-particle resolution
function (panels b.) and e.)). This puvides an excellent representation of the data, as
demonstrated by the quality of fit when comparing the lowest 12 points of the data with
the expected distributions: x2/N.D.F. of 11.6/10 and 10.7/10 for the Si+Al and Si+Au
systems, respectively. (The two highest bins in Figure 10b and e are excluded from the
comparison, since contributions from even higher relative momenta are not accounted for
in the convolution technique used to fold the theoretical expectation with the spectrometer
resolution function.)

The simple Gaussian form (~ exp [-(fi - f£)2/2r§]) used for the distribution of rel-
ative separation is equivalent to assuming a density distribution for each particle of the
form exp [—|fi|2/ro]- IQ keeping with our convention of quoting all fit parameters relative
to the form of Eq. 1, we have therefore reduced the r0 obtained from the fitting procedure
by a factor of \/2, giving the fit values shown on Figure 10 of .R(Si+Al)= 2.06 ± 0.10 fm
and JZ(Si+Au)= 2.74 ± 0.08 fm. We defer a discussion of these values until Section 3.7.
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3.6 Kaon Correlations
Interferometry with kaons offers the exuting possibility of using a channel that, like pions,
is bosonic, but with significantly different production systematics, resonance backgrounds[20],
cross-sections in baryonic matter (for the 2K+ system) and Lorentz effects. Previous ef-
forts have been severely limited by statistics, and have been forced either to resort to a
phase space analysis[21], or to combine events from collisions of different species[22, 23].
We report here the first 2K+ correlation function measured for a unique collision (central
14.6 A-GeV 28Si+Au).

Central Si+Au events with two charged particles in the spectrometer were selected with
a Level I trigger. The E859 Level II trigger was used to enhance the yield of events in the
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spectrometer aperture containing two kaons of either sign. In a separate measurement,
2r+ events were collected in a region that closely matches the y — pt acceptance for the
2K+ events , as shown in Figure 11.

The number of pairs surviving tracking and particle identification quality cuts are
~ 16K and ~ 87-fif for the 2K+ and 2ir+ systems, respectively. Figure 12 shows the corre-
lation functions, along with the results of fits to the functional form given by Equation 3.
Inspection of this figure clearly demonstrates that the correlation function, and hence
Rinu, are dramatically different for the 2K+ and 2x+ data. For instance, using the fully
corrected data we find i?inu(2x+) = 4.19 ± 0.47 fm versus JZ,nu(2K+) = 2.47 ± 0.31 fm.
Taken at face value, this would indicate that the source for the kaons is 40% smaller in
radius than that for the pions.

However, it should be kept in mind that the "invariant" radius used in Equation 3 is
anything but that. Instead, a.) it measures the distribution of separations in the source as
measured in the re3t-frame of a given pair, b.) there is an implied average over the ensemble
of pair rest-frames relative to the source, and c.) the kaons have a smaller Lorentz
factor with respect to the source than do the pions. Furthermore, even the sign of
the effect is somewhat counter-intuitive: The radius measured by a correlation function
in Qinv is subject to a Lorentz-extension, i.e., the source dimension /?,„„ appears larger
by a factor of fxx = 1/Jl — 0*r when the relative velocity of the -KIT CM with respect to
the source is /?Tr. It is therefore crucial that this trivial scale factor be removed before
comparing the source radii measured with pions and kaons. Doing so via the technique
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systems. The uncorrected correlation function is shown in a.) and d.), the results of
correction for only the two-particle Coulomb repulsion (Gamow correction) are shown
in b.) and e.), and the fully corrected data are shown in c.) and f.). Due to systematic
uncertainties in the correction procedure, the lowest bin in the raw data has been excluded
from all fits.

described in the appendix allows us to determine the equivalent root-mean-square radius
from these data: rrra,(2K+) = 3.4 ± 0.4 fm versus rrmj(2x+) = 3.6 ± 0.4 fm. The quoted
error is statistical only. Clearly there is an uncertainty associated with the Lorentz-
correction procedure, in that it requires the assumption of a static source of the form



Table 1

SUMMARY OP E802 AND E859 INTERPEROMETRY RESULTS

Species

2ir±

2K+

2p

System

Si + Au -> 2JT" + X:

Si + Au ̂  2K+ + X

Si + Al-*2p + X
Si + Au -* 2p + X

Trigger

Central

TMA multiplicity e [ 0,36]
TMA multiplicity G [37,49]
TMA multiplicity € [50,60]
TMA multiplicity G [61,78]
TMA multiplicity e [79,92]

Central

Central
Central

r rm, (fm)

3.5 ± 0.3

2.6 ± 0.3
2.6 ± 0.2
2.3 ± 0.3
3.1 ± 0.4
3.0 ± 0.5

3.4 ± 0.4

3.56 ± 0.16
4.75 ± 0.14

i!

given by Equation 1 with R = T stationary in a given frame (in this case the nucleon-
nucleon CM). However, the data set with the largest correction (the 2TT+) has a value
for iZ.ni, that is consistent with previous data[23] which first established the connection
between i2,-nu and the static source. Additionally, the present data for the 27T+system
are of sufficient quality to directly perform two-dimensional fits; preliminary results (not
shown here) support the values obtained here by the correction procedure.

3.7 Summary of Interferometry Data
The results from all E802 and E859 interferometry data are summarized in Table 1 in
terms of the equivalent root-mean-square radii. It is evident that the 2K+ data and
27r+data measure the same radius for central Si+Au collisions of approximately 3.5 fm,
as expected from the rms size of the incident (i.e., smaller) 28Si nucleus. Central Si+Al
collisions also have a rms radius consistent with 3.5 fm. Thus, it would appear that the
source radius measured via pions or kaons is determined largely by the initial geometric
distribution of the nudeons that produce these mesons, rather than by the distribution of
meson re-interaction sites. Small reductions in the measured radius have been observed
as a function of the charged multiplicity produced in these events; this variation being
consistent with the weak dependence of the spatial overlap region with impact parameter.
The proton measurement for Si+Al is also consistent with the size of the 28Si nucleus,



while Si+Au—>2p+X is the only reaction studied that shows a radius significantly larger
than that of the 28Si nucleus. It is plausible to attribute this to the fact that protons,
unlike mesons, are present in the initial state, so that some of the proton-pairs measured in
our apparatus are formed from protons initially distributed outside the region of overlap.
Note that for the proton measurements only, we have given the associated errors to one
additional decimal place to better establish that the difference between the two systems
is in excess of five standard deviations.

4 Conclusions
The £802 single-particle data now cover a wide range of both rapidity and transverse
momentum. Systematic studies of the K+/ir+ ratio versus event parameters show that
the enhancement increases directly with the transverse energy at mid-rapidity, in contrast
to the complicated behavior when considered as a function of the number of projectile
participants alone. While this indicates that the total number of participants is the
determining factor, the systematic behavior of the transverse momentum of kaons versus
pions argues against simple models which produce the additional K+'s via meson-baryon
rescattering.

For the first time, 2^*, 2K+ and 2-proton correlation measurements have been made
for the same reactions using the same apparatus. The radii extracted from the mesonic
final states are, after correction for trivial Lorentz effects, consistent with the geometric
radius of the (smaller) initial projectile, while the radii from two-proton systems seem to
depend on the larger of the two initial nuclei. Understanding and extending these vari-
ations, along with the systematic variation of the K+/TT+ ratio with participant number,
should form an integral part of the imminent experimental program with Au beams at
the AGS.

5 Acknowledgments
This work has been supported by the U.S. Department of Energy under contracts with
ANL (W-31-109-ENG-38), BNL (DE-AC02-76CH00016), Columbia University (DE-FG02-
86-ER40281), LLNL (W-7405-ENG-48), MIT (DE-AC02-76ER03069), UC Riverside (DE-
FG03-86ER40271), and by NASA (NGR-05-003-513), under contract with the University
of California, and by the U.S.-Japan High Energy Physics Collaboration Treaty.



Table 2

COMPARISON OP LORENTZ EFFECTS
FOR 2K+ VERSUS 2r+

System
Eo

R
T

Rinv

X
2/N.D.F.

2K+
200 MeV

2£m
2fin

2.50 ± 0.01
21/26

1.39

2jT+

160 MeV
2fm
2fm

4.05 ± 0.02
30/26
0.86

6 Appendix: Lorentz Properties of Correlation Func-
tions

Here we provide a description of the collection procedure used to extract a equivalent root-
mean-square radius from a correlation function parameterized in <?,„„ as in Equation 3.
An empirical approach will first be presented, followed by a discussion of its theoretical
justification.

Guided by the results given in Section 3.3, we begin by assuming that the true source
distribution is given by Equation 1 with R = r = 2 fro, assumed to be at rest in the
nucleon-nucleon center-of-mass. Pairs of mesons (either pions or kaons) are generated
with a single-particle transverse momentum distribution given by

(5)

where Eo is determined by fits to the experimental data. These pairs are chosen so as
to have a two-particle correlation given by the assumed source distribution, i.e., as in
Equation 2. These pairs are then passed through the spectrometer acceptance, and the
survivors are Jit to an "invariant" correlation function of the form given by Equation 3.
The fitted value of -R,n» can then be related back to the input radius R, which in turn is
trivially related to the root-mean-square radius via rrm, = T/ZR.

The results of this procedure are tabulated in Table 2 for pion and kaon pairs in the
acceptance regions given by Figure 11. The last entry in this table is the correction factor
that has been used to convert the i?,nu's of Figure 12 to the rrm,'s cited in the text. Note
that this factor does not depend on the assumed radius R until the scale associated with
it (~ h/R) becomes comparable to either EQ or the range of the spectrometer acceptance,
neither of which is the case here. Also note that Table 2 does not propagate the (very
small) statistical error found in fitting /£,„„ for the generated pairs to the correction factor.
This is because we expect this process to be dominated by systematic errors, the most



significant of which is the assumption of a source rest-frame. Until adequate statistics
aie available to use the interferometiy data to determine the rest-frame (if any), this
ambiguity will remain the limiting factor in the analysis.

The nature of the correction factor may be somewhat counter-intuitive: While in the
two-particle rest-frame(s) the source is receding with a velocity large compared to the
speed of light, the source radius measured in that frame is larger, not smaller than the
true source radius. Thus, this is a Lorentz extension, not a contraction. That this is
perfectly consistent with, and in fact expected from, relativistic considerations has been
discussed Sinyukov[24] and Zajc[17, 25]. However, the underlying physics is even simpler
than the arguments presented in these references: A Lorentz extension results when one
performs a Lorentz transform with one of the spatial factors, either Ax or At identically
zero[26], since then one trivially obtains a multiplication rather than a division by the
Lorentz parameter 7. Interferometry "measures" source sizes in precisely this matter,
since the correlation function is determined by the relative separation of the two-particles
when the second one is emitted[18], which corresponds to At = 0.
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