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We report on the rapidity and centrality dependence of proton and antiproton transverse mass distributions
from **7Au+Au collisions atysyy=130 GeV as measured by the STAR experiment at the Relativistic
Heavy lon ColliderRHIC). Our results are from the rapidity and transverse momentum range<o0.5 and
0.35<p;<1.00 GeVk. For both protons and antiprotons, transverse mass distributions become more convex
from peripheral to central collisions demonstrating characteristics of collective expansion. The measured ra-
pidity distributions and the mean transverse momenta versus rapidity are flat jyjtii@.5. Comparisons of
our data with results from model calculations indicate that in order to obtain a consistent picture of the proton
(antiproton yields and transverse mass distributions the possibility of prehadronic collective expansion may
have to be taken into account.

DOI: 10.1103/PhysRevC.70.041901 PACS nuni®er25.75.Dw, 25.75.Ld

High energy nuclear collisions provide a unique opportu-[2]. In addition, baryon transport and baryon production dur-
nity to study matter under extreme conditions for which oneing the collision are particularly interesting because of their
expects the formation of a system dominated by deconfinedynamical naturg3—9]. However, these are difficult pro-
quarks and gluonfl]. In the search for this deconfined state, cesses due to their nonperturbative featjfes11). At the
baryons play an important role. Incoming beam baryons proRelativistic Heavy lon Collider (RHIC) energy sy
vide the energy for particle production and development of=130 GeV, antiproton to proton ratios and yields at midra-
collective motion. It has systematically been observed thapidity have been reported by several experiméhs-15. In
the net-baryon number determines the chemical propertiethe region of p;~2-3 GeVk, the yield of protons ap-
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proaches that of pionglL3] in central collisions. The exact 10 T T T T —
origin of this behavior is not clear and systematic measure - protons | anti-protons ]
ments of baryon distributions are important. - -feece, T .
In this Rapid Communication, we present a systematic [ - ‘090;‘0,’ 1 ace )
measurement of proton and antiproton production in Au_~ i O;".f oo e | o@o&%. 1
+Au collisions at Vsyy=130 GeV in the rapidity range .‘0900; G T g%-.feog‘a' 1
-05<y<05 and for  transverse =~ momenta > | o cee, 0o 0 | T 00 Ceglo
0.35<p;<1.00 GeVk. In particular, we report the RHIC & 0%, %o >0 " QOQ'"M‘OBO ..
measurements of the rapidity dependence of the proton ar > '”.. ‘%n '~o~ %04 ®ee OG,Q .
antiproton yields, essential for exploring the existence of e-g“ . '*.’ o, | “... oo e e
boost-invariant region in the system. We also study the cer © - . - ot %o, O o]
trality dependence of the yields and mean transverse mc«Z& [ -9 .. T .o, %o i
menta for protons and antiprotons. These results allow for 2 Y o N ", i
detailed comparison to model predictions of proton and an E s ° “o et %0 e
tiproton production at RHIC. g B %, 1 %o
Two independent®’Au beams with an energy of 65 GeV ™ % .
per nucleon were provided by the RHIC at Brookhaven Na- B o T Oq 1
tional Laboratory. These beams collided around the geome %9
ric c_e||’1ter of theISoI?noid rTrackerlis}t.RH(STAR). Chargeg . 0 A e Thermal + radial flow fits | |
particles stemming from these collisions were measured in =
large volume time projection chambéFPC) [16]. A large 0 010203 04 0 01 20'2 03 04
solenoidal magnet of 0.25 T field strength provided momen m, - m, (GeV/c?)

tum dispersion in the direction transverse to the beam line.

For this analysis, we used 320 k events with a minimum  FIG. 1. (Color online Midrapidity (Jy|<0.5) proton (left col-
bias trigger and 154 k events with a trigger selecting theumn) and antiproton(right column transverse mass distributions
10% most central even{d2]. Events with a primary vertex for most peripheralbottom) to most centraftop) collisions. The
within £30 cm of the geometric center of the TPC along thedefinitions of the centrality bins are listed in Table I. Relatively
beam axis were accepted. Tracks were required to have &rge systematic errors for protons in the lowregion are due to
least 23 out of 45 maximum possible space points in the TP@e background subtraction. Results from model fits are shown as
and to extrapolate back to the primary vertex within 2 cmdashed lines.
[distance of closest approaddCA)]. To define the collision ) ]
centrality, the measured raw multiplicity distribution of for protons and antiprotons with DCA less than 2.0 cm, op-
charged particles within the pseudorapidity range<0.75  timizing the signal to background ratio for protons. The raw
was divided into eight bins. The highest centrality bin corre-yields were then corrected for track reconstruction efficiency,
sponds to 6% of the measured cross section f8Au proton bgckground, and in the case of antiprotons, for ab-
+197Au collisions[17]. Protons and antiprotons were identi- SOrption in t.he detector material. The detector acceptance for
fied by correlating their energy lostE/dx due to ionization ~ Protons(antiprotons from the decay of lambdagntilamb-
in the TPC gas with the measured momentum. This methof@9 or other hyperongantihyperons is estimated to be
has already been presentedir2]. larger than 9_5%. Corrections for fee_ddown from decays of

The track reconstruction efficiency was determined byhyperons(antinyperonswere not applied.
embedding simulated tracks into real events at the raw data The midrapidity (Jy|<0.5 proton and antiproton trans-
level and subsequently applying the full reconstruction algoverse mass distributions for all eight centrality bins are
rithm to those events. The propagation of single tracks Wa§h0V\{n|_rH:|g. 1. Here, the transverse massis given by
performed using thesEANT Monte Carlo code with a de- M=\p{+m¢, with m; the rest mass of the proton. The un-
tailed model of the STAR geometry and a realistic simulationcorrelated bin-to-bin systematic errors are estimated to be
of the TPC response. The resulting track reconstruction effiless than 7%. It is evident that both protdeft pane) and
ciency is greater than 70% pt>0.5 GeVk for all centrali-  antiproton(right paneJ distributions become more convex
ties. By varying the track cuts, the overall systematic uncerfrom peripheral to central collisions, indicating an increase in
tainty in the track reconstruction efficiency is estimated to beransverse radial flow. In order to extragtintegrated yields,
less than 10%. Further, the relative resolution in transvers@N/dy and mean transverse momefgg, hydrodynamically
momentum was derived to be4% at p,=0.5 GeVL. motivated fits[18] were applied, assuming a thermal source

Secondary interactions of particles with the detector maplus transverse radial flow. The fit parameters are the tem-
terial generated background protons. Due to their differenperatureT;, at kinetic freeze-out and the transverse radial
geometric origin, these background protons appear as fiow velocity 35 at the system surface. A velocity profile
rather flat tail in the DCA distribution which extends into the Bi(r)=84(r/R)*® was used, wher® is the radius of the
peak region of primary protons at small DCA. In order to source. These fits simultaneously describe the experimental
correct for background protons, the proton DCA distributionspectra of charged piorj49], kaons[20], protons, and anti-
was fitted by the scaled antiproton DCA distributigwhich ~ protons, measured in the same experiment. The fit results are
is background fregplus the results on the proton background shown as dashed lines in Fig. 1. The description of the ex-
from Monte Carlo calculations. Raw yields were extractedperimental data is remarkably good. When strong collective
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b L L N perimental data. The changes(m) anddN/dy are less than
o | @pdvey F o (b)pdNiay ] (@ pance b 3% and 6%, respectively, substantially smaller than the sys-
- ++++++++++ + 1 se0000900e tematic errors given above. Using exponents larger than 1.0
PYsYeYeloteleyolele . S .
25 - -+ 1s results in a worse description of our data in termsydper
| ¢¢¢¢¢o¢¢¢ﬁ]’ 1 13 o0 *”gggéggég* degree of freedom and were therefore excluded. The total
3 f++ ++’:+++H¢++++f 0} 5686600600 systematic uncertainty idN/dy is less than 22%, adding the
Z 5L teetes 14000000006 | & ¢ contributions due to extrapolatig20%) and the track recon-
— f¢¢00000¢¢ f44%000et4d{ ¥ o5 | boobesedss |  struction efficiency10%) in quadrature.
10 | n..ouu——goooooooow The proton and antiproton rapidity distributions are
[ ©000000000 T *090909000 1 shown in Figs. 2a) and 2b) for different collision centrali-
- €1 00000 o
°l ;;"';’;" | ceeccescee ] 9090009400 ties. In thep; range not covered by this experiment, the yield
o 2002000020 L ee0eeoeeee | o7 - | was extracted from the thermal plus radial flow model fit.
0402 0 0204 0402 0 0204 -04-02 0 0.2 0.4 The results are shown in Table I, which indicates that about
Rapidity y Rapidity y 50% of the integrated yield was measured within the STAR

TPC acceptance. The bin-to-bin systematic errors, due to
tons andc) the (average proton and antiprofomansverse momen- _background $UbtraCtion and PID contamination, are inc_luded
tum (py), for most peripheralbottom to most centraftop) colli- in the plot. Since the shgpes of the transverse mass d|sftr|.bu—
sions. The bin-to-bin systematic errors due to PID contaminatior¥Ions of protons and antiprotons do not dlffer V_V'thm statisti-
were included in the plot. Overall systematic errors due to extrapo@l €rrors, the extracted values (@) shown in Fig. Zc) are
lation into the p, range not covered by the experiment and thethe average of the two. Withity| <0.5, both values ofp,)
uncertainty in the track reconstruction efficiency are not shown inanddN/dy are found to be uniform as a function of rapidity,
the figure. indicating that at RHIC—for the first time in heavy ion
collisions—a boost invariant region of at least one unit of
flow develops, the transverse mass distributions for heavyapidity for all centrality bins has developed. We would like
mass particles will not have the simple exponential shape ab stress that the rapidity dependences of baitidy and
low transverse mass. Therefore, the hydrodynamically moti¢p,) are required to draw a meaningful conclusion concerning
vated two parameter fits become neces§@yf. The in-  poost invariance. An analysis of charged hadron raftk%
crease of py with centrality is indeed reflected in the values has demonstrated that at RHIC energies a boost invariant
of the collective velocity parameteB;), which increase region does not exist dy|>1.5. It will be of interest to
from about(0.42+0.10 to (0.56+0.05 from the most pe- study the rapidity distributions of different mass hadrons at
ripheral to the most central collisions, respectively. higher rapidity regions at RHIC.

Note that in[12], the antiproton transverse momentum The top panels of Fig. 3 show tkg,) within |y|<0.5 for
distributions were fitted with a Gaussian function m  protons(left) and antiprotongright) as a function of colli-
[f(p) ~ exp(—p?/20?)]. The difference between the model fit sion centrality given by the measured number of charged
results and Gaussian fits pp are less than 6% and less than hadrons. The corresponding yields\/dy, are shown in the
10% for(p;y and integrated yielddN/dy, respectively. Us- bottom panels. The open symbols represent fiducial yields
ing other functions, i.e., exponential im, and a Boltzmann and filled ones show the integrated yields. The shaded bands
function (in my), the systematic uncertainty aiN/dy due to  indicate the systematic uncertainties in extractipg and
extrapolation is estimated to be less than 20%. Similarly, thelN/dy. Both values ofp,) anddN/dy are in good agreement
systematic uncertainty itp,) is less than 6%. Applying dif- with results from the PHENIX CollaboratiofiL3]. Experi-
ferent velocity profiles, i.e., varying the exponent betweemmental results on the lambdantilambda yields [23] show
0.5 and 1.0, leads to an equally good description of our exthat the contribution of feeddown from hyperon decays to the

FIG. 2. The rapidity distributions af) protons andb) antipro-

TABLE I. Midrapidity (Jy|<0.5 proton and antiproton results on rapidity densities émeeraged for
proton and antiprotonvalues of(p,). The fiducial yield is measured within 0.353,<1.00 GeVt. The
errors are statistical. See the text for discussions of systematic errors.

Centrality (P dN,/dy dN,/dy dNg/dy dNg/dy
bin (MeV) (fiducial) (integrated (fiducial) (integratedl

58-85 % 738+6 0.98+0.01 1.62+0.02 0.78+0.01 1.28+0.01
45-58 % 805+6 2.51+0.02 4.36+0.05 1.91+0.02 3.31+£0.03
34-45% 856+6 3.96+0.03 7.14+0.08 2.97+0.02 5.35+£0.06
26-34 % 892+6 5.55+0.04 10.29+£0.10 4.08+0.03 7.56+0.07
18-26 % 88317 7.16+0.05 13.03+£0.11 5.22+0.03 9.50+0.09
11-18 % 900+8 8.92+0.06 16.53+£0.14 6.40+0.04 11.85+0.10
6-11 % 945+8 10.72+0.04 21.01+0.19 7.67+0.02 15.04+£0.14

0-6 % 965+7 13.17+£0.04 26.37+0.23 9.35+£0.02 18.72+0.16
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1.2 203563102152 221289 345 203560 102152201269 345 tially is expected to increase from 20% for peripheral colli-
sions, to 50% for the most central collisions. This is not
"I o * _’_/——-r"f"-‘—'. | consistent with the trend in Fig. 3, which indicates the mea-
g o8 j./f'—._.-‘—-’ Te ® ] sured proton and antiproton yields increase approximately
S oe e T e O s s R linearly with the number of negatively charged hadrons. This
§ wl = R——s i raises an important question. If, on the one hand, the increase
v : @ iedr. BRI wib ] in annihilation with centrality predicted by RQMD is correct,
02 1 | © fiduoial ... higing ] then the centrality dependence of the initial baryon produc-
o[ ootons | | anipotons | |  tion must be much stronger than the linear dependence ob-
PRy gt I i served in Fig. 3, and the rough agreement between RQMD
[ . and the data for antiprotons is fortuitous. If, on the other
) & e | hand, the agreement between RQMD and the linear depen-
= T & B | dence observed in Fig. 3 for antiprotons is correct, a possible
T it o> o explanation is that the antiproton loss due to annihilation is
~ Je®®® 7 ] smaller in central collisions than in peripheral collisions.
i TG 150 d5 B0 555 550 6 B0 100 15 B0 BS5 500 This suggests the antiprotons may decouple from the sur-
Number of Negative Hadrons rounding matter early, and that the large experimental values

of {py which are observed must arise from collective flow in
FIG. 3. (Color onling Midrapidity (py anddN/dy of protons  the early stagg28-31. In order to distinguish this possibil-
and antiprotons as functions of the number of negatively chargegty from other possible scenarid82] and study possible
hadrons. The corresponding number of participants are also Sho"\@arly-stage partonic collectivity at RHIC, systematic mea-
at the top of the plots. Open symbols are fiducial yields and filleds,rements of multistrange baryons, charmed mesons, and
ones are integrated yields. Systemati(_: errors are_showr_l as Shadﬁgrticle correlations are necessary. The recent referfdice
areas. Results from RQMD, RQMD with rescattering switched offi jicates that the net-baryon density at midrapidity at RHIC
(W/0) and HIJING are shown as solid lines, dashed lines, ands yetermined by the initial parton distributions et 0.01.
dashed-dotted lines, respectively. The experimental data and thgie the results of these calculations for netbaryons are
;eesctgts from RQMD and HIJING include feeddown from hyperon consistent with our measurement on the net-proton density of
Y dN/dy, 5=7.7+1.7, it will be interesting to see the trans-

_ _ _ _ S leulati
proton (antiproton yields is ~40%. The increase dipy) Vs verse momentum distributions from the model calculations

centrality in the figure indicates the development of strongel[

coIIectiv_e expa_nsion in more central collis_ions. Resultg fromdence of proton and antiproton transverse mass and rapidity
calculations with RQMD[24], RQMD with rescattering distributions  from 19Au+197Au  collisions at \%

switched off(w/0) and HIJING [25,2§ are represented by _ 130 Gey as measured by the STAR experiment at RHIC.

solid, dashed, and dashed-dottgd lines, re'spect|vely. In Mehe results reported here are from the rapidity and transverse
RQMD model [24,27 results W|t_h hadronic rescattering 0 anium range ofy|<0.5 and 0.35 p,<1.00 GeVk.
agree with measurements centrality depende_nce of the ME&Dr both protons and antiprotons, the transverse mass distri-
transverse momentum. On the other hand, without the rescfy ;s hecome more convex from peripheral to central col-
tering, the HIJING.modeI underpred|ct§ t.he proton and ant'1isions, indicating the enhancement of a collective expansion
proton (py, especially for central collisions. Overall, the j, more central collisions. The rapidity distributions afug
model calculations fail to predict the experimental yieldsversus rapidity are found to be flat withiyl <0.5, suggest-
consistently throughout the whole centrality range. Discrep; ", oost invariant region around midrapidity. The com-
ancies between measuredp ratios and predictions from . parison of our data to results from microscopic transport
RQMD and HIJING have been reported by other EXPel models suggests that the observed collective expansion

mentsiis, 19 ight have been dominantly developed at the early stage of
The bottom panels of Fig. 3 show that the Obseweﬁgcollis\i/on_ ! y develop y stag

midrapidity (Jy|<0.5 proton and antiproton yieldsiN/dy,
are proportional to the number of charged hadrons. RQMD We thank Dr. W. Busza, Dr. M. Gyulassy, and Dr. V.
fails to predict the centrality dependence of the antiprotorTopor-Pop for exciting discussions. We thank the RHIC Op-
yield due to the strong annihilation in hadronic rescatteringerations Group and RCF at BNL, and the NERSC Center at
especially in central collisions. Because of the annihilation LBNL for their support. This work was supported in part by
RQMD predicts a change in th@ p ratio of almost a factor the HENP Divisions of the Office of Science of the U.S.
of two from peripheral to central collisions, which is not DOE; the U.S. NSF; the BMBF of Germany; IN2P3, RA,
consistent with observatiorj42]. RPL, and EMN of France; EPSRC of the United Kingdom;
The results from RQMD reflect that within that model FAPESP of Brazil; the Russian Ministry of Science and
there is strong annihilation among baryons, and that larg&echnology; the Ministry of Education and the NNSFC of
values of(p,) are built up from late hadronic rescatterings. China; SFOM of the Czech Republic, DAE, DST, and CSIR
Based on RQMD, the annihilation of antiprotons created ini-of the Government of India; and the Swiss NSF.

In summary, we have reported on the centrality depen-
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