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Comparison of p +A and Si+ Au Collisions at 14.6 GeV/c
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The production of x —,K —,p has been measured in p+Be and p+Au collisions for comparison with
central Si+Au collisions. The inverse slope parameters To obtained by an exponential fit with the invari-
ant cross sections in transverse mass are found to be To' '" —140-160 MeV in p+A collisions,+
whereas in central Si+Au collisions, T(' —200-220 MeV ) Tv —140-160 MeV at midrapidity.
The x — and K+ distributions are shifted backwards in p+Au compared with p+Be. A gradual in-
crease of (dn/dy)„+ per projectile nucleon is observed from p+ Be to p+Au to central Si+Au collisions,
while pions show no significant increase.

PACS numbers: 25.40.Ve, 25.70.Np

Relativistic heavy-ion beams available from the BNL
Tandem-AGS Complex provide an opportunity for
studying nuclear matter at high baryon density. The
first measurements of semi-inclusive spectra of z —,E —,
and p in central Si+Au collisions at Alternating Gra-
dient Synchrotron (AGS) energies have been reported'
and reveal several interesting features, among which are
the following. The invariant cross sections are roughly
exponential in transverse mass, with the slope for E+
and p flatter than for tr —'s, and the observed K+/tr+ ra-
tio is considerably enhanced in central Si+Au collisions
compared with the ratio observed in p-p collisions. The
enhanced K+/n+ ratio has received much attention be-
cause this can be interpreted as a signature of quark-
gluon plasma. However, it has been also discussed in
terms of thermal models and rescattering models.
The systematic study of the p+A reaction when com-
pared to Si+A may provide a method for separating
these various reaction possibilities. For example, if the

K+/tr+ ratio were much larger in Si+ Au than in

p+Au, it would suggest that some kind of exotic nuclear
matter had been formed. In particular, the study of the
target-mass dependence of pion and kaon production in
p+A collisions is important for the interpretation of the
large K+/tr+ ratio observed in heavy-ion experiments. '

We report here the first measurements of particle-
identified momentum spectra from proton collisions with
Be and Au targets over the central rapidity region at the
beam momentum of 14.6 Gev/c. Both the Si+Au ex-
periment and this one have been performed using the
E802 magnetic spectrometer for measuring momentum
spectra with good particle identification. In addition, the
apparatus has various event characterization detectors
for the selection of charged multiplicity, neutral trans-
verse energy, and forward energy. Details of the experi-
mental apparatus are found in Ref. 9.

In Figs. 1(a) and 1(b) tr —,K —,and proton spectra
are shown for p+Be and p+Au collisions with a mini-

1567



VOLUME 66, NUMBER 12 PHYSICAL REVIEW LETTERS 25 MARCH 1991

i I I I

I

I I I I

I

I I I 1

I

I I I I

I

I I I I

10

10
(D *

Q
00 0

(D
(D

*
X

(a) p+Be
+ 7T+

m-
& K+
& K—

10

(D

1O-1

10 2E
I I I

cf I I

10E

b

10$

I

l

I

I I I

QO
OQ

(D(D Qr

lIl Qc

Qz

lxl lg
(D (D

10

1OO

Q p

e

(b) p+Au

(D (D

$(p (p

10
—1

I I I I I I I I I I I I

()
I I I I I I I I I I I I

0 0 25 0 5 075 1 'f25
'r = m — mo (Gev)

FIG. 1. Invariant cross sections as a function of T~ =m&
—mo for x —,I(' —,and protons in (a) p+Be and (b) p+Au

collisions at the beam momentum of 14.6A GeV/c. The rapidi-
ty range is 1.2 ~ y ~ 1.4 and the error bars show statistical un-
certainties only. There is a ~ 10% systematic error in the abso-
lute normalization.

mum-bias spectrometer trigger in the rapidity range
1.2 ~y ~ 1.4. Invariant cross sections are plotted as a
function of T& =m, —mo, where m, = (p, +mo ) '~ is the
transverse mass, p& is the transverse momentum, and mo
is the rest mass. Particle identification has been done by
a combination of a highly segmented time-of-flight
counter and a recently installed segmented-gas Cerenkov
counter, which enables n and K identification up to 5 and
3.5 GeV/c in the laboratory, respectively. The p+Be
spectra are generally consistent with previous measure-
ments. ' As in central Si+Au collisions, and also in

p-p collisions, the spectra are well described as exponen-
tial in m&. The slopes of the spectra for all particles in

Fig. 1 are roughly the same, and almost constant over a
wide rapidity range, 1.2~ y ~ 1.8, and are also similar
to those in p-p collisions. Inverse slope parameters To,
obtained by an exponential fit exp( m, /To) to the spec-—
tra, are shown in Fig. 2 together with those for central
Si+Au collisions. ' A clear change is seen for proton
and K+ between p+A and Si+A: In p+A, To'
—140-160 MeV, while in central Si+Au, T~p'

-200-220 MeV & To —140-160 MeV at 1.2~y
~ 1.4. There are a variety of possible mechanisms pro-
posed for the different slope parameters for different par-
ticle species in heavy-ion collisions, such as differences in
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FIG. 2. Comparison of inverse slope parameters in p+Be,

p+Au, and central Si+Au collisions. Inverse slope parame-
ters are obtained by exponential fits with the invariant cross
section in transverse mass. The rapidity range is 1.2 ~y ~ 1,4
and the error bars show statistical uncertainties only.

mean free path, " resonance decay, ' and transverse
flow.

By integrating the T& spectra over the entire range of
m, with the assumption of a single exponential shape, the
rapidity distributions dn/dy = (1/a;„,~)do/dy are ob-
tained. Here, o.;„,~ is the inelastic cross section with nu-
merical values taken from Ref. 15. In Fig. 3, the dn/dy
distributions per projectile nucleon are compared for
p+ Be, p+Au, and central Si+Au collisions. The parti-
cle identification for the central Si+Au data, which were
taken before the installation of the segmented-gas
Cerenkov counter, has been done solely by time of flight.
This leads to its narrower rapidity coverage. The steeper
component observed by E810 in the x spectra below
the E802 acceptance, p, & 0.3 GeV/c, is claimed to con-
tribute to an additional -25% to the yield in Si+Au
collisions. ' The central Si+Au data are divided by 28
because particle production per projectile nucleon pro-
vides an intuitive way to compare centra1 Si+Au with

17, 18

The shapes of the dn/dy distributions in p+Be col-
lisions are very broad for z — and K+ and are nearly
symmetric with respect to the nucleon-nucleon center-
of-mass rapidity y&jv, indicating that p+Be collisions
are roughly equivalent to p-p or p-n collisions. The K
distribution in p+Be shows a narrower width than the
E +, presumably reflecting their different production
mechanisms. At y & 2, the x+ yield in p+ Be is much
larger than the x yield, which is consistent with projec-
tile fragmentation.

In contrast to the flat distributions for p+Be, the
p+ Au distributions are not symmetric in y~~ but are
shifted towards the target rapidity with a clear increase
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FIG. 3. Rapidity distributions dn/dy for x —,K —,and protons in p+Be, p+Au, and central Si+Au (Refs. 1 and 20) collisions
at 14.6A GeV/c. The central Si+Au data are plotted as (dn/dy)/28 for comparison. The rapidity of the nucleon-nucleon center of
mass, y&z, and the center-of-mass rapidity for the participant nucleons, y~„&, are also shown. The error bars show statistical uncer-
tainties only.

in x — and K+ in the lower rapidity region. The K
distribution is also increased and noticeably flatter. In
the projectile-fragmentation region, less particle produc-
tion, especially for pions, is observed in p+Au compared
to p+ Be. None of these eAects is seen in FRITIoF calcu-
lations, ' which give distributions that are roughly sym-
metric about yzz for all produced particles. Consistent
with isospin considerations, the yield of x+ over z is
greater in p+Be than p+Au. The dn/dy distribution in

p+Au for protons increases very rapidly at lower rapidi-

ty, showing a mass dependence greater than A at y ~ 1.
For the interval y ~ 1.5, the K+ and protons exhibit
similar target-mass dependences.

In the right panel of Fig. 3, central Si+Au data'
are shown as a function of rapidity. The values of y~~
and y~„t are marked on the abscissa, where y~, „& is the
center-of-mass rapidity of participant nucleons, which
are composed of the incident Si and a core of 75 Au nu-

cleons swept out in zero-impact-parameter collisions. In
central Si+Au collisions, both n' —and K+ show broad
peaks, but a distinct difference is seen in their distribu-
tion shapes: While the x —'s peak lies in between y~~
and y~, „t, the K+'s peak is lower than y~„&. The back-
ward shift in dn/dy and the flatter T& slope for the K+
distribution are strong constraints on model calculations.

The ratio of the integrated yield for p+Au to p+ Be
over the measured region (0.6~y ~ 2.6 for pions, 0.6
«y «2.2 for K+, 0.8 «y «2.2 for EC, and 0.6 «y
~ 2.4 for protons) is 1.08 ~ 0.03 for rr+, 1.27 +' 0.05 for

, 1.81 ~0.18 for K+, 1.33 ~0.17 for K, and 1.95
~0.02 for protons. Quoted uncertainties in the present
work are purely statistical. These ratios depend on the

rapidity range for the integration, because of the
difl'erent distribution shapes; especially for the protons,
the ratio might be considerably larger if the data extend-
ed to lower rapidity. In heavy-ion experiments at the
AGS energy, it is conjectured that most projectile nu-
cleons exhaust their energy after a few nucleon-nucleon
collisions, ' ' which is consistent with the slow increase
in pion multiplicity with increasing target size seen in the
present measurements. Surprisingly, the increase of the
K+ yield with target size is markedly larger than ob-
served for the pions and as large as for the protons.

An increase in the K+ yield from p+Au to central
Si+Au (divided by 28) is also seen in Fig. 3. The pion
yield stays roughly the same. Therefore, the increase of
the K+/n+ ratio from p+Be to p+Au and to central
Si+Au appears to originate primarily from an increase
in the K+ yield. Although the statistics are small, the
K yield also appears to increase from p+Au to central
Si+Au (divided by 28).

The saturation of the pion yield and the enhancement
in the kaon yield imply a different production mechanism
for the two species. For kaons, the increased To together
with the backward shift in the rapidity distributions sug-
gests rescattering eAects, such as multiple scattering
and/or secondary production. However, if the kaons are
produced in secondary reactions, then, naively, the pions,
which have less mass, should be produced at least as
copiously. The gradual increase of the K+ yield from
p+Be to p+Au and to central Si+Au and the possibly
enhanced K yield in central Si+Au have been dis-
cussed as manifestations of urn K+A and~K+K, respectively. ' Further theoretical study is
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needed to understand the data quantitatively.
As is done in Si+Au data, high-multiplicity events in

p+Au have been analyzed to study the effect of select-
ing central collisions. With high-multiplicity selection,
particle production shifts more towards the target rapidi-
ty and an increase in dn/dy for K+ is observed. Howev-

er, caution is needed in comparing high-multiplicity
events in p+ A and Si+A. For high-multiplicity events
in p+A the centrality detector responds mostly to low-
momentum target protons, whereas for Si+2 the detec-
tor selects events mostly on the basis of large numbers of
emitted pions. Because of this difference in the definition
of "centrality, " the high-multiplicity p+Au data require
extended discussions. Nonetheless, one qualitatively in-
teresting feature observed in p+A, which contrasts with
Si+A, is the lack of a significant increase in the slope
parameters with selection of high-multiplicity events;
To To To at 1.2 ~ y ~ 1.4. In addition, the
K+/tr+ ratios are found to lie in between those for cen-
tral Si+Au and minimum-bias p+Au.

In conclusion, particle production of z —,K —,and p
has been measured in p+A collisions for comparison
with central Si+A collisions. The invariant cross sec-
tions are well described by an exponential in m, with in-
verse slope parameters To-140-160 MeV in p+A col-
lisions. In central Si+Au collisions, To is considerably
higher for K+ and protons at midrapidity. In p+Au the
rapidity distributions for tr

—and K+ shift towards the
target rapidity, whereas in p+Be they are broad and
symmetric with respect to y». A gradual increase of
dn/dy for K+ per projectile nucleon from p+Be to
p+Au and to central Si+Au collisions is observed,
while that for pions stays roughly the same. The K+/tr+
ratio therefore shows an evolutionary increase from
p+Be to p+Au to central Si+Au collisions at mid-
rapidity that can be largely attributed to an increase in
K+ production.
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