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Antiproton production in p+A collisions at 12.3 and 17.5 Gekt
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Inclusive and semi-inclusive measurements are presented for antip@qm(duction in proton-nucleus
collisions at the Alternating Gradient Synchrotri@GS). The inclusive yields per event increase strongly with
increasing beam energy and decrease slightly with increasing target masg yielel in 17.5 GeVE p
+ Au collisions decreases with grey track multiplicity, , for Ng>0, consistent with annihilation within the
target nucleus. The relationship betwé¢nand the number of scatterings of the proton in the nucleus is used
to estimate thq? annihilation cross section in the nuclear medium. The resulting cross section is at least a
factor of 5 smaller than the frq?}p annihilation cross section when assuming a small or negligible formation
time. Only with a long formation time can the data be described with theﬁrpeannihilation cross section.
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Antiprotons are a topic of great interest in relativistic duced from the first scattering of the proton in the nucleus.
heavy ion physic$1-5| because enhanced production mayThe remaining thickness of the nucleus may then simply act

result from the formation of the quark gluon plasf@GP  as an absorber. Previous measurementp pfoduction in

[6] and because antiprotons may provide an experimentg)+ A collisions have been hindered by poor statistics and the
measure of the baryon density of matter producedA  fact that mosip+A measurements are inclusive. Antiproton
collisions due to the largp-p annihilation cross sectioiy].  yields presented here are shown first inclusively, comparing
Comparisons of antiproton production in E§®] and E878  different beam energies and targets, and then as a function of
[9] with cascade models show that, in fact, more antiprotonshe number of scatterings of the projectile proton in the
are produced in these collisions than would be expected fromucleus. We focus on our semi-inclusive measurement to ad-
ordinary hadronic production and the effects of final-statedress questions about the first-collision model and in-
absorption. However, the same models have shown that theggedium modifications to the annihilation cross section.

largerp yields could result from increased production and/or  E910 is ap+A experiment based on a time projection

decreased absorption. One proposed mechanism for iff'amber with downstream tracking and CerenkGKOV)

= X ) _and time-of-flight(TOF) detectors. The E910 apparatus has
creased production gf is the multiple scattering of the in- pean gescribed in detail elsewhdiss], but here we will
cident baryong10]. Several mechanisms for_decreased ab'again give a brief description of the time-of-fligTOF)
sorption have been proposed including a fiptéormation  detector, used to identify antiprotons, and the trigger used for
time, “shielding” of the absorption proce¢41] (ARC), and  this data set. The TOF is located approximatin from the

a time delay due to the formation ofpap quasi-bound-state target with an active area of approximatelx2 n?. It is
[12,13 (RQMD). Proton-nucleus collisions provide a valu- made up of 32 scintillating slats with readout at the top and
able tool for disentangling these competing effects and elubottom of each slat. Protons can be separated from pions and
cidating the dynamics of antiproton production and absorpkaons by more than® up to a momentum of 3.0 Ge¥/and

tion in a nuclear environment because the density oby more than 1o up to 3.5 GeVE, where the timing reso-
absorbergnucleon$ in the nucleus is well understood. In lution for protons is 164 ps. The data presented here were
particular, at energies close to the antiproton productiorcollected with a scintillating fiber trigger. The scintillating
threshold, it is expected that most antiprotons will be pro-fiber was placed approximately 2 cm downstream of the tar-
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= 4357 TABLE |. Final (raw) event statistics.
= [
% 4F Target p No. min.  No.central No.p No.p
. (GeVic) bias triggers  triggers min. bias central
35¢
i Au 17.5 2.66<10°F  1.06x1C° 346 93
3F Au 123 1.6%<10°  0.46x10° 73 6
: Cu 12.3 1.26K 108 0 84 0
25F Be 12.3 1.4K10° 0 102 0

2
for tracks with momenta between 3 and 3.5 GeVA

momentum-dependent background of the identified antipro-
tons is calculated and subtracted, amounting to an overall

159

1 a correction of approximately 5%. The data have been accep-
0 L tance corrected within ow-pt coverage and corrected for
3 4 2 0 2 4 the efficiencies of our cuts as mentioned above. Our cover-
TOFmeasured - TOFexpected (with proton mass) (ns) age ranges from 10 to 800 Me¥in pt and 1 to 2 in units of

rapidity. The acceptance is largest at lgw near iditi
FIG. 1. Total momenta for negative tracks vs difference betweerbel?(wegn 1.6 and 2pO The accr—?ptance gimitedr;p;ggﬁgw
measured flight time and expected flight time in ns. high p, region by the spatial coverage of the TOF wall,

get. A minimum bias interaction is defined as an event hav¥hile the highy region is limited by the upper momentum
ing two hits in each of the two layers of the scintillating fiber, cut of 3.5 GeVE. Since a sample of identified protons, using
and a central interaction is an event with a total of 20 orl00se TOF criteria, is relatively clean compared to a sample
more hits in the fiber. We include only central triggers for Of loosely identified antiprotons, the efficiency of the cuts
which there were greater than 2 “grey tracks” in the event,can be estimated by applying the cuts to the sample of iden-
where a grey track is defined as a “slow” proton or deuteron.tified protons. The overall calculated efficiency ranges from

A slow proton has momentum 0.2<1.2 GeVt and a 60% to 80%, decreasing with increasipg. The cut on the
slow deuteron has momentum &p<2.4 GeVk. difference in horizontal position of the projected track from

For track quality, we require at least 10 hits in the timethe TOF hit is most inefficient near the edges of the TOF

projection chambefTPC) and that the track originated from Wall, thus affecting primarily the lowy, high py region. The

the event vertex. Although our primary particle identification Particle identification cutsion dE/dx and the Cerenkov
for antiprotons comes from time of flight, we additionally ADC), which reduce the background, affect the efficiency
use Cerenkov information and ionization energy loss in thdrimarily for higher momentum antiprotortkighy, high p+
TPC to reduce background. We require that the ionizatiof€gion. We neglect the inefficiency due to multiple hits in
energy loss is within 3 of the protondE/dx. In the relativ-  On€ TOF slat because the slat occupancy is only approxi-
istic rise region, where the pion band separates from th&'ately 3%. Even in central events, where the multiplicities
proton, the measuredlE/dx must be greater than kr'Srom &€ .Iarger, the slat occupancy is !ess than 3% because the
the piondE/dx. We also apply a cut on the Cerenkov analogParticles tend to shift back in rapidity and thus out of the
to digital converteADC), which, on average, corresponds acceptance of the TOF wall. The data have also been cor-
to requiring less than 0.35 photoelectrons. The effect of theseCted for trigger biases that are determined by examining
cuts on the background can be seen in Fig. 1, which will bd®@m-triggered eventginbiased eventsn two dimensions,
described later in the text. Quality cuts on the hits on theh€ total number of charged particles in the event and the
time-of-flight wall (TOF) include a cut on the difference in Number of grey trackdl, in the event. Particularly in “cen-
horizontal position between a projected track and the centéfal” intéraction ftriggered events, but also in “minimum
of a hit TOF slat, and a cut on the energy deposited on thias” interaction triggered events, there is a bias against
TOF slat. We further require the projected track to have afVents with small numbers of charged particles and small
least 5 hits in the three drift chambers located between thBlg- This bias can be determined from beam-triggered
TPC and the TOF wall. We determine the efficiencies oféVents, by comparing the distribution of the number of
these cuts and correct for them jnand py. Tracks are charged particles arld, for those beam-triggered events that
matched to the TOF wall with an 806% efficiency. A also passed the conditions for an interaction trigger to the

single correction factor is applied uniformly ovgrmandpy . unbiased distribution. We estimate feeddown from antilamb-
The 5% systematic uncertainty in this correction is includeddas, by applying the selection cuts to a set of antilambdas
in the overall errors of the results. identified in the TPC, to be less than 5%. Fi@w) event

Figure 1 shows the momentum dependence for negativetatistics for each data set are shown in Table I. The data sets
tracks of the difference between the measured time of fligh@nalyzed include 17.5 Ge¥/momentump+ Au collisions,
and the expected time of flight assuming the mass of a prot2.3 GeVt p+Au, 12.3 GeVE p+Cu, and 12.3 Ge\W p
ton. The cuts on this distribution are momentum dependent Be. The target thicknesses are 4.5%, 3.1%, and 2.0% of the
and range from 800 ps for low momentum tracks to 200 psnteraction length for Be, Cu, and Au, respectively.
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FIG. 2. Target and beam momentum dependence-bfA p
spectra,(a) dn/dy distributions,(b) my distributions,p+Be (®); ) N N T T T
p+Cu(V); p+Au (W) at 12.3 GeVE; 17.5 GeVE p+Au (0). The 0 25 30 75 100 125 150 175 200
points from different data sets are offset relative to each other in target A
order to distinguish the error bars.

FIG. 3. Target mass dependence of Eﬁﬁelds summed over
f_’l_<y<2; yields for 12.3 GeW beam momentum(V¥); 17.5

Our measure of centrality is defined by the number oGewC .

projectile collisionsy, which is derived from the number of

grey .traCkSNg In an event. SlO.W protons and deuteror_ls A erent beam energies, such behavior is consistent with more
identified by their measured ionization energy loss in the

TPC. The momentum cut on the protons is G35<1.2 g??bsg)rgéonr;izJi{ger;;;guertéc;r;i be(:%rlrl}sc?gﬁg%ilg]jegae:_dence
GeV/c and on the deuterons is &H<2.4 GeVk. For a Pr), asp y P f

class of events with a given number of arev tra we not solely account for the observed difference in slope.
. 9 . grey el;f’ The yields tend to increase with decreasing target size.
derive the mean number of collisions. The details of our.

. . This trend is more evident when the yields are integrated
method to determinér(Ng)) are described elsewhef&4]. . N B
Antiproton yields for all four data sets are shown in Fig. g over the entire range of measurgd1-2) and py (10-800

as a function of rapidity and transverse mass. The beam erMeV/C)' These yieldsdn/dy with y=1-2 and integrated

erav dependence is seen by comparing the Udata OVerprare shown in Fig. 3. There is a (322)% decrease

gy depen . y comparing oA in dn/dy from the Be target to the Au target. The 17.5
sets. The yields increase approximately by a factor of 3 fronbeV/c 0+ Au yield is shown in the same figure for compari-
12.3 to 17.5 GeW. The yields for the different target sizes

can also be compared in this figure. The transverse mass son. The yield fromp + Au at 17.5 GeVE is 3.1 times the

distribution for each target and beam momentum is fit to th<~_¥'e'.d at12.3 Ge\é(t. Althoug_h thle |Ike|lh00|d of prr]OdHfmg
following exponential: antiprotons may be greater in a larger nuclgl®, the like-

lihood of reabsorption is also greater due to the presence of
1 dn more baryons. At these beam energies, we find the effect of
=Cqe (M~ mMo)/T (1)  increased reabsorption in the larger nucleus to be greater
than any possible increase in production.
whereC, andT are fit parameters. The results of the fits are | € dependence of the yields on the beam momentum can
tabulated in Table II. Due to limited statistics, the errors onP€ described by the available kinetic energy squared. It was
the fit parameters are large. However, comparing the inverse'©Wn[17] that antiproton yields fop+p collisions at en-
slope parameter for the largest data set, 17.5 Ge Au ergies near the production threshold can be described by
with that of the 12.3 Ge\W p+ Be data set shows a signifi- 2 = 2
cant increase from the smaller target to the larger target. (KE) _(\/g 4m)~, 2
Although the comparison is between two data sets with dify,herem is the mass of the antiproton. In the reference, it is

also shown(using phase-space argumeriisat this depen-
*dence can be explained by production through a three-body
process rather than a four-body process, indicating the pos-
sibility of an intermediate state. Figure 4 shows that this

2mmy dmy

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

2-2
el p (Gevie) Co (GeV 'eY T (Mevic) dependence also describes well g Au yields. Having
Au 17.5 (4.90-0.62)x 1074 157+34 established this dependence, we can compare to data at a
Au 12.3 (1.85:0.91)x 10 * 98+ 58 different beam energy.
Cu 12.3 (2.840.95)x 104 108+ 47 Figure 5 shows a comparison between our measurement
Be 12.3 (4.16:0.92)x 104 86+19 of dn/dy and the measurement by E8QEB|. For the pur-

pose of direct comparison, we have restricted puange
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FIG. 4. Energy dependence of ESft8 Au Eyields;ayields Vs

beam momentum@®); p production threshold©O). The curve
shows yields follow a (KE) dependence.

<

FIG. 6. Dependence of 17.5 Ged/p+ Au p yields on{v(Ng))
(0). Lines show results of absorption fits. Fit 1 is shown by the
dashed curve, fit 3 the dotted curve, and fit 4 the solid cusee
él'rable Il for detailg. Also shown is 12.3 Ge\ p+ Be data point
?_(trapolated to 17.5 Ge¥/(V).

from 1 to 1.6 and scaled the yields using (KBp corre-
spond to the 14.6 Ge¥/ beam momentum of E802. Al-
though the measurements are consistent with each oth
E802 concluded no target dependence. With increased stati
tics and a larger range in(Fig. 3), we conclude that there is

indeed a modest target dependence at AGS energies. Ng=0 bin corresponds to a mean of approximately two pro-

In addition to our inclusive measurements for dif'ferentjeCtiIe collisions forp+Au, we have plotted the firﬂtlg bin

targets and beam energies, we can use the dependence of @5 p+Be on the same f|ggréscaled from ;2'3 t'o 1.7'5
— R . . eV/c beam momentum using the (KEyelationship dis-
p multiplicity on centrality to help disentangle the mecha-

, X Lo cussed aboyesimply as a reference of what the production
nisms of production and reabsorption in the nucleus. Th‘?nay be in only onep+N collision. Although we may be
centrality (or ») dependence o yields is shown in Fig. 6. somewhat biased against antiproton production in lthe
The antiproton yields are measured for each valudpnd =0 bin (the antiproton may be preferentially produced to-
then plotted versus the meanfor a givenN,. Since the  gether with a slow proton due to baryon number conserva-
tion), it is possible that the increase fray=0 toNg=1 is

<107 due to contributions to production beyond the fipstN col-
lision. However, with the exception of the yield in the first
-g‘ 09y y=[1.0,1.6] p+Au Ny bin to the second, we see the mean antiproton
S 3 multiplicity decrease as the number of projectile collisions
= 0'85 0 E80214.6 GeV./c 3 increases. This relationship gives insight to the amount of
07F Vv E910 scaled with (KE) nuclear material traversed by the antiproton before it is reab-
. sorbed. With a few phenomenological assumptions, we
061 present a quantitative measure of the survival probability of
E an antiproton as a function of the amount of nuclear material
05 K . .
E through which it passes. Because the beam energy is close to
04k production threshold and the antiprotons are strongly peaked
: at forward angles, we assume that only the first collisions
03fF contribute to the production of antiprotons, which are then
E assumed to follow the path of the projectile through the
0zp nucleus. Since we have conjectured possible contributions to
ol production beyond the first collision, we will discuss the ef-
C fect of such a modification to our assumptions later in the
00" B T ST T T T T Ty text. With t'his picture op productipn, we quantify the reab-
target A sorption with the following equation,
FIG. 5. Comparison between E910 12.3 Ge\f yields (V) a(pA—pX)=o(pp—pX)e” (TasdrpnC=h  (3)

extrapolated to 14.6 Ge¥/and E802 measurementsl]. See text - ) . .
for details. The points from the two experiments are offset relativevhereo(pp— pX) is the antiproton production cross section
to each other in order to distinguish the error bars. for p+p, oasiS the “effective” antiproton absorption cross
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TABLE M. Fi.t parameters of.an.tiproto.n absqrption fits. Fits excessively larger,m we lose the ability to uniquely deter-
1-3include the firsp+ Au data point in the fit, and fits 4—6 do not. mine o, from the fit. Thus, we constraifi, and o s
separately in 2 fits. Typical values used in transport models
for the formation time are 1-2 fra/[19]. Constrainingrsom
to such values results again in a reduced absorption cross

Ttorm X?/No. degrees
Fit  oaps(mMb) (fm/c) Constraint of freedom

1 4.0+1.6 0 Ttorm=0 6.994/7 section. The fit parameters shown in fit 2 in the table are for
2 4.2+-1.6 1 Ttorm= 1 6.562/7 a constraint of =21 fm/c, with which one obtains a

3 38 49505 04,38 3.149/7 Oaps=4.2+1.6 mb.(This fit looks similar to the fit with no

4 6.9-2.2 0 Tiorm="0 2.005/6 formation time and is, therefore, not shown in the figure.
5 6.9-2.4 1 Tiorm=1 1.995/6 The other possibility is to constrain the absorption cross sec-
6 38 4707 0,538 1.928/6 tion to be equal to the free annihilation cross sectiog,s

=38 mb. Such a constraint leads#g,,,= 6.7+£0.7, which

i _ . ) corresponds to a long formation time of £0.5 fm/c or a
section, andrp, is the proton-nucleon interaction cross sec-formation length of approximately 13 fm in the nuclear rest
tion. Since the ‘iziplotted on thex axis of Fig. 6 is simply  frame. Again, such large values of,, rely on density fluc-

an average valuey(Ng), and each value dfl; actually has a  tuations and thus do not have such a well-defined relation-
distribution of » values associated with iBy (v), we fold  ship to 7y . The fit is shown by the dotted curve in Fig. 6.
the above exponential WitﬁNg(V)_ We determinev,,s by ~ The next three rows repeat the three fits described above,

fitting the »-dependent antiproton yields with the following €xcluding the firsp+Au data point from the fit. The results
function: are qualitatively similar to those when including the first data

point. Fit 4 in the table, which is shown with a solid curve in
o(pPA—pX)=o(pp— pX)Py_(v)e (Tard 7o) (»=1) " (4) the figure, again assumes no formation time and results in a
9 reduced absorption cross sectiéapproximately 5 times
Folding the distributionPy (v), for discretized values dfi, smaller thano,,). When including a formation time of 1

results in a steplike behavior of the fit. We show smoothed ﬁé mé;(’:tfgrsc:? éhelztﬁ]t;ﬁﬂaﬁi'Sesgugsviuiﬁgtbé’()?}i?:;ﬁ'_mate'y
functions in the figure. The results of the fits with various : Y INIGhps

sets of assumptions are shown in Table Ill. We have done the “amn results in a long formation time, even when excluding
fits with and without allowing for a formation time, the first date} point. The Iarge discrepancy betwegg, and'
o anny @S derived from our simple model when the formation

Viorm\ time is negligible or smalll fm/c), suggests that the “ef-
Trorm ™ ; (5)  fective” annihilation cross section is very different from the
Yv e . - -
free annihilation cross section due to in-medium effects. On

during which the antiproton cannot annihilate. In this casethe other hand, the data can be described by the firpe
the exponent in Eq(4) becomes— (oad opn)(¥—viom  annihilation cross section and a very long formation time. A
—1) for v>wv,m+1, and there is no absorptionr{,=0)  possible explanation for such a result is the formation of an
for v<wv;,m+ 1. One should note that the linear relationshipintermediate state wherg,,,, can be interpreted as the mean
betweenvi,m, and r,m iS not as straightforward for very lifetime of the state. With such a large,,, the antiproton is
large values ofvs,m,, Which rely on fluctuations in the born only in the late stage of the propagation of this state
nuclear density distribution. The quantities that are used téhrough the nucleus, leaving little opportunity to get reab-
calculateo s and 7,y from the fit parameters are a mean sorbed. This hypothesis could be tested by measuring the
free pathn of 2 fm and a proton-nucleon interaction cross absorption of other antibaryons which could proceed through
sectiono,y of 30 mb. Using a momentum of 2.5 Ged/(the ~ the same intermediate state.
mean measured momentum for the antiprotons we detect In conclusion, we find the yields dramatically increase
we calculatey andv. In the first three fits shown in the table, With increasing beam energy and can be described by a de-
we include the firsp+Au data point Ng=0) in the fit, and pendence on the available kinetic energy squared. The ob-
in the next set of three fits, we do not include this pointserved energy dependence can be understood if the antipro-
(because of the initial increase in yield froNy=0 to N,  fon is produced through the decay of an intermediate state
=1). In addition to removing a possible bias in the first datal17]. We find a moderate decrease with increasing target
point from the fit, this also allows for production beyond the mass, (34-22)% from Be to Au for beam momentum 12.3
first collision up to the value of=2.4 where the fit begins. GeV/c. Finally, we have quantified the survival probability
The first row shown in Table Il is the result of a fit Of an antiproton in the nuclear medium as a function of the
assuming that the formation time is negligible. Given that thehrumber of collisions. With this relationship and the assump-
free annihilation cross sectian,,,is 38 mb at a momentum tion of a negligible or small formation time of 1 fr/ we
of 2.5 GeVk, the extractedr,,cis significantly reduced rela- find that the annihilation cross section is greatly modified
tive to o4, (almost by a factor of 10 This fit is shown in within the nuclear medium, and that the “effective” absorp-
Fig. 6 as a dashed curve. In the following two fits, we inves-tion cross section is a small fraction of the free annihilation
tigate the effect of a formation tima,,,, on this result. With  cross section. On the other hand, a fudp annihilation cross
no constraints on the fit;,y, is very large. However, with section would require a much longer formation time than
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normally assumed. A similar conclusion of a longer forma-the naive first-collision model in which the antiproton is pro-
tion time for protons than for pions has recently been madeluced on-shell in the first collision with a small or negligible
by the HERMES collaboratioi20]. Previous attempts to formation time and then interacts with nucleons according to
explain a suppression of the annihilation of antiprotonsye freep-p annihilation cross section.

within the nucleus include an increased hadron formation

time [8,21], the formation of gp-p molecule[12,13 with a

finite lifetime, and a “shielding” effect due to the presence  We wish to thank R. Hackenburg and the MPS staff, J.
of mesons[11]. All of such phenomenological arguments Scaduto and G. Bunce for their support during E910 data-
manifest themselves as a delay time during which the antitaking. We also thank Thomas Kirk, BNL Associate Director
baryon cannot annihilate with a baryon. Shielding, in par-for High Energy and Nuclear Physics, for his support of our
ticular, is dependent on the density of the nuclear mediunphysics program. This work has been supported by the U.S.
and would probably not be a large effect in proton-nucleusDepartment of Energy under contracts with BNRE-AC02-
collisions. Ourv-dependent yields, however, show that the98CH10886, Columbia (DE-FG02-86ER40281 ISU
reabsorption of antiprotons is already greatly suppressed i(DOE-FG02-92ER4069 KSU (DE-FG02-89ER40531
p+A collisions. Production through an intermediate stateLBNL (DE-ACO03-76F00098 LLNL (W-7405-ENG-48,
which does not get absorbed like an antiproton, could als®©RNL (DE-AC05-960R2246Y4 and UT (DE-FGO02-
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