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Antiproton production in p¿A collisions at 12.3 and 17.5 GeVÕc
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Inclusive and semi-inclusive measurements are presented for antiproton (p̄) production in proton-nucleus
collisions at the Alternating Gradient Synchrotron~AGS!. The inclusive yields per event increase strongly with

increasing beam energy and decrease slightly with increasing target mass. Thep̄ yield in 17.5 GeV/c p
1Au collisions decreases with grey track multiplicity,Ng , for Ng.0, consistent with annihilation within the
target nucleus. The relationship betweenNg and the number of scatterings of the proton in the nucleus is used

to estimate thep̄ annihilation cross section in the nuclear medium. The resulting cross section is at least a

factor of 5 smaller than the freep̄-p annihilation cross section when assuming a small or negligible formation

time. Only with a long formation time can the data be described with the freep̄-p annihilation cross section.

DOI: 10.1103/PhysRevC.64.064908 PACS number~s!: 25.75.Dw
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Antiprotons are a topic of great interest in relativis
heavy ion physics@1–5# because enhanced production m
result from the formation of the quark gluon plasma~QGP!
@6# and because antiprotons may provide an experime
measure of the baryon density of matter produced inA1A

collisions due to the largep̄-p annihilation cross section@7#.
Comparisons of antiproton production in E802@8# and E878
@9# with cascade models show that, in fact, more antiprot
are produced in these collisions than would be expected f
ordinary hadronic production and the effects of final-st
absorption. However, the same models have shown that t

largerp̄ yields could result from increased production and
decreased absorption. One proposed mechanism for

creased production ofp̄ is the multiple scattering of the in
cident baryons@10#. Several mechanisms for decreased
sorption have been proposed including a finitep̄ formation
time, ‘‘shielding’’ of the absorption process@11# ~ARC!, and
a time delay due to the formation of ap-p̄ quasi-bound-state
@12,13# ~RQMD!. Proton-nucleus collisions provide a valu
able tool for disentangling these competing effects and
cidating the dynamics of antiproton production and abso
tion in a nuclear environment because the density
absorbers~nucleons! in the nucleus is well understood. I
particular, at energies close to the antiproton product
threshold, it is expected that most antiprotons will be p
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duced from the first scattering of the proton in the nucle
The remaining thickness of the nucleus may then simply

as an absorber. Previous measurements ofp̄ production in
p1A collisions have been hindered by poor statistics and
fact that mostp1A measurements are inclusive. Antiproto
yields presented here are shown first inclusively, compar
different beam energies and targets, and then as a functio
the number of scatterings of the projectile proton in t
nucleus. We focus on our semi-inclusive measurement to
dress questions about the first-collision model and
medium modifications to the annihilation cross section.

E910 is ap1A experiment based on a time projectio
chamber with downstream tracking and Cerenkov~CKOV!
and time-of-flight~TOF! detectors. The E910 apparatus h
been described in detail elsewhere@14#, but here we will
again give a brief description of the time-of-flight~TOF!
detector, used to identify antiprotons, and the trigger used
this data set. The TOF is located approximately 8 m from the
target with an active area of approximately 532 m2. It is
made up of 32 scintillating slats with readout at the top a
bottom of each slat. Protons can be separated from pions
kaons by more than 2s up to a momentum of 3.0 GeV/c and
by more than 1s up to 3.5 GeV/c, where the timing reso-
lution for protons is 164 ps. The data presented here w
collected with a scintillating fiber trigger. The scintillatin
fiber was placed approximately 2 cm downstream of the
©2001 The American Physical Society08-1
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get. A minimum bias interaction is defined as an event h
ing two hits in each of the two layers of the scintillating fibe
and a central interaction is an event with a total of 20
more hits in the fiber. We include only central triggers f
which there were greater than 2 ‘‘grey tracks’’ in the eve
where a grey track is defined as a ‘‘slow’’ proton or deutero
A slow proton has momentum 0.25,p,1.2 GeV/c and a
slow deuteron has momentum 0.5,p,2.4 GeV/c.

For track quality, we require at least 10 hits in the tim
projection chamber~TPC! and that the track originated from
the event vertex. Although our primary particle identificati
for antiprotons comes from time of flight, we additional
use Cerenkov information and ionization energy loss in
TPC to reduce background. We require that the ionizat
energy loss is within 3s of the protondE/dx. In the relativ-
istic rise region, where the pion band separates from
proton, the measureddE/dx must be greater than 1.5s from
the piondE/dx. We also apply a cut on the Cerenkov anal
to digital converter~ADC!, which, on average, correspond
to requiring less than 0.35 photoelectrons. The effect of th
cuts on the background can be seen in Fig. 1, which will
described later in the text. Quality cuts on the hits on
time-of-flight wall ~TOF! include a cut on the difference i
horizontal position between a projected track and the ce
of a hit TOF slat, and a cut on the energy deposited on
TOF slat. We further require the projected track to have
least 5 hits in the three drift chambers located between
TPC and the TOF wall. We determine the efficiencies
these cuts and correct for them iny and pT . Tracks are
matched to the TOF wall with an 9065% efficiency. A
single correction factor is applied uniformly overy andpT .
The 5% systematic uncertainty in this correction is includ
in the overall errors of the results.

Figure 1 shows the momentum dependence for nega
tracks of the difference between the measured time of fl
and the expected time of flight assuming the mass of a
ton. The cuts on this distribution are momentum depend
and range from 800 ps for low momentum tracks to 200

FIG. 1. Total momenta for negative tracks vs difference betw
measured flight time and expected flight time in ns.
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for tracks with momenta between 3 and 3.5 GeV/c. A
momentum-dependent background of the identified antip
tons is calculated and subtracted, amounting to an ove
correction of approximately 5%. The data have been acc
tance corrected within oury-pT coverage and corrected fo
the efficiencies of our cuts as mentioned above. Our co
age ranges from 10 to 800 MeV/c in pT and 1 to 2 in units of
rapidity. The acceptance is largest at lowpT near rapidities
between 1.6 and 2.0. The acceptance is limited in the lowy,
high pT region by the spatial coverage of the TOF wa
while the highy region is limited by the upper momentum
cut of 3.5 GeV/c. Since a sample of identified protons, usin
loose TOF criteria, is relatively clean compared to a sam
of loosely identified antiprotons, the efficiency of the cu
can be estimated by applying the cuts to the sample of id
tified protons. The overall calculated efficiency ranges fro
60% to 80%, decreasing with increasingpT . The cut on the
difference in horizontal position of the projected track fro
the TOF hit is most inefficient near the edges of the TO
wall, thus affecting primarily the lowy, high pT region. The
particle identification cuts~on dE/dx and the Cerenkov
ADC!, which reduce the background, affect the efficien
primarily for higher momentum antiprotons~high y, high pT
region!. We neglect the inefficiency due to multiple hits
one TOF slat because the slat occupancy is only appr
mately 3%. Even in central events, where the multiplicit
are larger, the slat occupancy is less than 3% because
particles tend to shift back in rapidity and thus out of t
acceptance of the TOF wall. The data have also been
rected for trigger biases that are determined by examin
beam-triggered events~unbiased events! in two dimensions,
the total number of charged particles in the event and
number of grey tracksNg in the event. Particularly in ‘‘cen-
tral’’ interaction triggered events, but also in ‘‘minimum
bias’’ interaction triggered events, there is a bias aga
events with small numbers of charged particles and sm
Ng . This bias can be determined from beam-trigger
events, by comparing the distribution of the number
charged particles andNg for those beam-triggered events th
also passed the conditions for an interaction trigger to
unbiased distribution. We estimate feeddown from antilam
das, by applying thep̄ selection cuts to a set of antilambda
identified in the TPC, to be less than 5%. Final~raw! event
statistics for each data set are shown in Table I. The data
analyzed include 17.5 GeV/c momentump1Au collisions,
12.3 GeV/c p1Au, 12.3 GeV/c p1Cu, and 12.3 GeV/c p
1Be. The target thicknesses are 4.5%, 3.1%, and 2.0% o
interaction length for Be, Cu, and Au, respectively.

n

TABLE I. Final ~raw! event statistics.

Target p No. min. No. central No. p̄ No. p̄
(GeV/c) bias triggers triggers min. bias centra

Au 17.5 2.663106 1.063106 346 93
Au 12.3 1.693106 0.463106 73 6
Cu 12.3 1.263106 0 84 0
Be 12.3 1.413106 0 102 0
8-2
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ANTIPROTON PRODUCTION INp1A COLLISIONS AT . . . PHYSICAL REVIEW C 64 064908
Our measure of centrality is defined by the number
projectile collisionsn, which is derived from the number o
grey tracksNg in an event. Slow protons and deuterons a
identified by their measured ionization energy loss in
TPC. The momentum cut on the protons is 0.25,p,1.2
GeV/c and on the deuterons is 0.5,p,2.4 GeV/c. For a
class of events with a given number of grey tracksNg , we
derive the mean number of collisions. The details of o
method to determinên(Ng)& are described elsewhere@14#.

Antiproton yields for all four data sets are shown in Fig
as a function of rapidity and transverse mass. The beam
ergy dependence is seen by comparing the twop1Au data
sets. The yields increase approximately by a factor of 3 fr
12.3 to 17.5 GeV/c. The yields for the different target size
can also be compared in this figure. The transverse masmT
distribution for each target and beam momentum is fit to
following exponential:

1

2pmT

dn

dmT
5C0e2(mT2m0)/T, ~1!

whereC0 andT are fit parameters. The results of the fits a
tabulated in Table II. Due to limited statistics, the errors
the fit parameters are large. However, comparing the inv
slope parameter for the largest data set, 17.5 GeV/c p1Au,
with that of the 12.3 GeV/c p1Be data set shows a signifi
cant increase from the smaller target to the larger tar
Although the comparison is between two data sets with

FIG. 2. Target and beam momentum dependence ofp1A p̄
spectra,~a! dn/dy distributions,~b! mT distributions,p1Be ~d!;
p1Cu ~.!; p1Au ~j! at 12.3 GeV/c; 17.5 GeV/c p1Au ~h!. The
points from different data sets are offset relative to each othe
order to distinguish the error bars.

TABLE II. Fit parameters of exponential fits to transverse ma
distributions.

Target p (GeV/c) C0 (GeV22c2) T (MeV/c)

Au 17.5 (4.9060.62)31024 157634
Au 12.3 (1.8560.91)31024 98658
Cu 12.3 (2.8460.95)31024 108647
Be 12.3 (4.1060.92)31024 86619
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ferent beam energies, such behavior is consistent with m
reabsorption in a larger target. The beam energy depend
of ^pT&, as previously measured inp1p collisions@15#, can-
not solely account for the observed difference in slope.

The yields tend to increase with decreasing target s
This trend is more evident when the yields are integra
over the entire range of measuredy ~1–2! and pT ~10–800
MeV/c). These yields,dn/dy with y51 –2 and integrated
overpT , are shown in Fig. 3. There is a (34622)% decrease
in dn/dy from the Be target to the Au target. The 17
GeV/c p1Au yield is shown in the same figure for compar
son. The yield fromp1Au at 17.5 GeV/c is 3.1 times the
yield at 12.3 GeV/c. Although the likelihood of producing
antiprotons may be greater in a larger nucleus@16#, the like-
lihood of reabsorption is also greater due to the presenc
more baryons. At these beam energies, we find the effec
increased reabsorption in the larger nucleus to be gre
than any possible increase in production.

The dependence of the yields on the beam momentum
be described by the available kinetic energy squared. It
shown@17# that antiproton yields forp1p collisions at en-
ergies near the production threshold can be described b

~KE!25~As24m!2, ~2!

wherem is the mass of the antiproton. In the reference, it
also shown~using phase-space arguments! that this depen-
dence can be explained by production through a three-b
process rather than a four-body process, indicating the p
sibility of an intermediate state. Figure 4 shows that t
dependence also describes well ourp1Au yields. Having
established this dependence, we can compare to data
different beam energy.

Figure 5 shows a comparison between our measurem
of dn/dy and the measurement by E802@18#. For the pur-
pose of direct comparison, we have restricted oury range

in

FIG. 3. Target mass dependence of E910p̄ yields summed over
1,y,2; yields for 12.3 GeV/c beam momentum~.!; 17.5
GeV/c ~h!.

s

8-3



-
th
ta
s

n
of
a-
h

ro-

n

o-
va-

st
ton
ns
of

ab-
we
of

rial
se to
ked
ns
en
he
s to
f-

the
-

n
s

tiv

he

I. CHEMAKIN et al. PHYSICAL REVIEW C 64 064908
from 1 to 1.6 and scaled the yields using (KE)2 to corre-
spond to the 14.6 GeV/c beam momentum of E802. Al
though the measurements are consistent with each o
E802 concluded no target dependence. With increased s
tics and a larger range iny ~Fig. 3!, we conclude that there i
indeed a modest target dependence at AGS energies.

In addition to our inclusive measurements for differe
targets and beam energies, we can use the dependence
p̄ multiplicity on centrality to help disentangle the mech
nisms of production and reabsorption in the nucleus. T
centrality ~or n) dependence ofp̄ yields is shown in Fig. 6.
The antiproton yields are measured for each value ofNg and
then plotted versus the meann for a given Ng . Since the

FIG. 4. Energy dependence of E910p1Au p̄ yields; p̄ yields vs

beam momentum~d!; p̄ production threshold~s!. The curve
shows yields follow a (KE)2 dependence.

FIG. 5. Comparison between E910 12.3 GeV/c p̄ yields (.)
extrapolated to 14.6 GeV/c and E802 measurements (h). See text
for details. The points from the two experiments are offset rela
to each other in order to distinguish the error bars.
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Ng50 bin corresponds to a mean of approximately two p
jectile collisions forp1Au, we have plotted the firstNg bin
for p1Be on the same figure~scaled from 12.3 to 17.5
GeV/c beam momentum using the (KE)2 relationship dis-
cussed above! simply as a reference of what the productio
may be in only onep1N collision. Although we may be
somewhat biased against antiproton production in theNg
50 bin ~the antiproton may be preferentially produced t
gether with a slow proton due to baryon number conser
tion!, it is possible that the increase fromNg50 to Ng51 is
due to contributions to production beyond the firstp1N col-
lision. However, with the exception of the yield in the fir
p1Au Ng bin to the second, we see the mean antipro
multiplicity decrease as the number of projectile collisio
increases. This relationship gives insight to the amount
nuclear material traversed by the antiproton before it is re
sorbed. With a few phenomenological assumptions,
present a quantitative measure of the survival probability
an antiproton as a function of the amount of nuclear mate
through which it passes. Because the beam energy is clo
production threshold and the antiprotons are strongly pea
at forward angles, we assume that only the first collisio
contribute to the production of antiprotons, which are th
assumed to follow the path of the projectile through t
nucleus. Since we have conjectured possible contribution
production beyond the first collision, we will discuss the e
fect of such a modification to our assumptions later in
text. With this picture ofp̄ production, we quantify the reab
sorption with the following equation,

s~pA→ p̄X!5s~pp→ p̄X!e2(sabs/spN)(n21), ~3!

wheres(pp→ p̄X) is the antiproton production cross sectio
for p1p, sabs is the ‘‘effective’’ antiproton absorption cros

e

FIG. 6. Dependence of 17.5 GeV/c p1Au p̄ yields on^n(Ng)&
(h). Lines show results of absorption fits. Fit 1 is shown by t
dashed curve, fit 3 the dotted curve, and fit 4 the solid curve~see
Table III for details!. Also shown is 12.3 GeV/c p1Be data point
extrapolated to 17.5 GeV/c (.).
8-4
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ANTIPROTON PRODUCTION INp1A COLLISIONS AT . . . PHYSICAL REVIEW C 64 064908
section, andspN is the proton-nucleon interaction cross se
tion. Since the ‘‘n ’’ plotted on thex axis of Fig. 6 is simply
an average value,n̄(Ng), and each value ofNg actually has a
distribution of n values associated with it,PNg

(n), we fold

the above exponential withPNg
(n). We determinesabs by

fitting the n-dependent antiproton yields with the followin
function:

s~pA→ p̄X!5s~pp→ p̄X!PNg
~n!e2(sabs/spN)(n21). ~4!

Folding the distribution,PNg
(n), for discretized values ofNg

results in a steplike behavior of the fit. We show smoothed
functions in the figure. The results of the fits with vario
sets of assumptions are shown in Table III. We have done
fits with and without allowing for a formation time,

t form5
n forml

gv
, ~5!

during which the antiproton cannot annihilate. In this ca
the exponent in Eq.~4! becomes2(sabs/spN)(n2n form
21) for n.n form11, and there is no absorption (sabs50)
for n<n form11. One should note that the linear relationsh
betweenn form and t form is not as straightforward for very
large values ofn form , which rely on fluctuations in the
nuclear density distribution. The quantities that are used
calculatesabs and t form from the fit parameters are a mea
free pathl of 2 fm and a proton-nucleon interaction cro
sectionspN of 30 mb. Using a momentum of 2.5 GeV/c ~the
mean measured momentum for the antiprotons we det!,
we calculateg andv. In the first three fits shown in the table
we include the firstp1Au data point (Ng50) in the fit, and
in the next set of three fits, we do not include this po
~because of the initial increase in yield fromNg50 to Ng
51). In addition to removing a possible bias in the first da
point from the fit, this also allows for production beyond t
first collision up to the value ofn52.4 where the fit begins

The first row shown in Table III is the result of a fi
assuming that the formation time is negligible. Given that
free annihilation cross sectionsann is 38 mb at a momentum
of 2.5 GeV/c, the extractedsabsis significantly reduced rela
tive to sann ~almost by a factor of 10!. This fit is shown in
Fig. 6 as a dashed curve. In the following two fits, we inve
tigate the effect of a formation timet form on this result. With
no constraints on the fit,t form is very large. However, with

TABLE III. Fit parameters of antiproton absorption fits. Fi
1–3 include the firstp1Au data point in the fit, and fits 4–6 do no

Fit sabs ~mb!
t form

(fm/c) Constraint
x2/No. degrees

of freedom

1 4.061.6 0 t f orm50 6.994/7
2 4.261.6 1 t f orm51 6.562/7
3 38 4.960.5 sabs538 3.149/7
4 6.962.2 0 t f orm50 2.005/6
5 6.962.4 1 t f orm51 1.995/6
6 38 4.760.7 sabs538 1.928/6
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excessively larget form we lose the ability to uniquely deter
mine sabs from the fit. Thus, we constraint form and sabs

separately in 2 fits. Typical values used in transport mod
for the formation time are 1–2 fm/c @19#. Constrainingt form

to such values results again in a reduced absorption c
section. The fit parameters shown in fit 2 in the table are
a constraint oft form51 fm/c, with which one obtains a
sabs54.261.6 mb.~This fit looks similar to the fit with no
formation time and is, therefore, not shown in the figur!
The other possibility is to constrain the absorption cross s
tion to be equal to the free annihilation cross section,sabs
538 mb. Such a constraint leads ton form56.760.7, which
corresponds to a long formation time of 4.960.5 fm/c or a
formation length of approximately 13 fm in the nuclear re
frame. Again, such large values ofn form rely on density fluc-
tuations and thus do not have such a well-defined relat
ship tot form . The fit is shown by the dotted curve in Fig. 6
The next three rows repeat the three fits described ab
excluding the firstp1Au data point from the fit. The result
are qualitatively similar to those when including the first da
point. Fit 4 in the table, which is shown with a solid curve
the figure, again assumes no formation time and results
reduced absorption cross section~approximately 5 times
smaller thansann). When including a formation time of 1
fm/c, fit 5 in the table,sabsis still reduced by approximately
a factor of 5. Finally, fit 6 shows that constrainingsabs
5sann results in a long formation time, even when excludi
the first data point. The large discrepancy betweensabs and
sann, as derived from our simple model when the formati
time is negligible or small~1 fm/c!, suggests that the ‘‘ef-
fective’’ annihilation cross section is very different from th
free annihilation cross section due to in-medium effects.
the other hand, the data can be described by the freep-p̄
annihilation cross section and a very long formation time
possible explanation for such a result is the formation of
intermediate state wheret form can be interpreted as the mea
lifetime of the state. With such a larget form , the antiproton is
born only in the late stage of the propagation of this st
through the nucleus, leaving little opportunity to get rea
sorbed. This hypothesis could be tested by measuring
absorption of other antibaryons which could proceed throu
the same intermediate state.

In conclusion, we find the yields dramatically increa
with increasing beam energy and can be described by a
pendence on the available kinetic energy squared. The
served energy dependence can be understood if the ant
ton is produced through the decay of an intermediate s
@17#. We find a moderate decrease with increasing tar
mass, (34622)% from Be to Au for beam momentum 12.
GeV/c. Finally, we have quantified the survival probabili
of an antiproton in the nuclear medium as a function of
number of collisions. With this relationship and the assum
tion of a negligible or small formation time of 1 fm/c, we
find that the annihilation cross section is greatly modifi
within the nuclear medium, and that the ‘‘effective’’ absor
tion cross section is a small fraction of the free annihilati
cross section. On the other hand, a fullp-p̄ annihilation cross
section would require a much longer formation time th
8-5
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I. CHEMAKIN et al. PHYSICAL REVIEW C 64 064908
normally assumed. A similar conclusion of a longer form
tion time for protons than for pions has recently been m
by the HERMES collaboration@20#. Previous attempts to
explain a suppression of the annihilation of antiproto
within the nucleus include an increased hadron format
time @8,21#, the formation of ap-p̄ molecule@12,13# with a
finite lifetime, and a ‘‘shielding’’ effect due to the presenc
of mesons@11#. All of such phenomenological argumen
manifest themselves as a delay time during which the a
baryon cannot annihilate with a baryon. Shielding, in p
ticular, is dependent on the density of the nuclear med
and would probably not be a large effect in proton-nucle
collisions. Ourn-dependent yields, however, show that t
reabsorption of antiprotons is already greatly suppresse
p1A collisions. Production through an intermediate sta
which does not get absorbed like an antiproton, could a
explain a suppression of the annihilation of antiprotons.
conclusion, we observe a deviation from the expectation
n
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the naive first-collision model in which the antiproton is pr
duced on-shell in the first collision with a small or negligib
formation time and then interacts with nucleons according
the freep-p̄ annihilation cross section.
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