PHYSICAL REVIEW C 68, 034908 (2003

Further observations on midrapidity E+ distributions with aperture corrected scale
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In a previous publicatioT. Abbott et al, E802 Collaboration, Phys. Rev. &3, 064602 (2001); 64,
029901E) (2001)], measurements of thA dependence and pseudorapidity intervaly] dependence of
midrapidity E+ distributions in a half-azimuth X¢p=7) electromagnetic calorimeter were presented for
p+Be, p+Au, O+Cu, SitAu, and AutAu collisions at the BNL-AGS. The validity of the “nuclear geom-
etry” characterization versu8n was illustrated by plots of thE+( %) distribution in eachd# interval in units
of the measuredEr(57))p.au in the samesz interval for p+Au collisions. These plots, with aperture
corrected scale in the physically meaningful units of number of average obsprvéd collisions, were
nearly universal as a function @, confirming that the reaction dynamics f&x production at midrapidity
at AGS energies is governed by the number of projectile participants and can be well characterized by
measurements in apertures as small@s= ,57=0.3. A key ingredient in these analyses is the probability
po for no signal to be detected in a given aperturg for the fundamentap+ Au collision. In fact the
measured E+(67))p-ay iS biased and the trL(dET(an»gii\u for the detector aperture is the measured value
times 1-po. The issues and merits of measuring tBg(d7) distribution in units of(Ex(8%))pau OF
(ET(ﬁn))g‘ﬁ\u in the sames interval are presented and discussed. This method has application at RHIC,
where p-p data could be used as the reference distribution for two participants Efhaistributions for
B+ A collisions, withE{(87) scale normalized byE(57) ‘g?;in the same aperture f@-p collisions, would
then be given directly in the popular unit “per participant-pajK. Adcox et al, PHENIX Collaboration,
Phys. Rev. Lett86, 3500(2001); I. G. Bearderet al, BRAHMS Collaboration, Phys. Lett. 223 227 (2002);

B. B. Backet al, PHOBOS Collaboration, Phys. Rev. &5, 031901R) (2002; C. Adler et al, STAR Col-
laboration, Phys. Rev. Let@9, 202301(2002].
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I. INTRODUCTION

In a previous publicatiofl], a systematic study of trans-
verse energy Et) distributions at midrapidity in a half-
azimuth A¢=m) electromagnetid EM) calorimeter was
presented for 14/ GeV/c p+Be, p+Au, O+Cu, SHAU,
and Aut+Au collisions at the BNL-AGS.E is an event-by-
event variable defined as

Er=>, Eising and dE(#)/dyp=sin6() dE(»)/d7,
I
(1)

n=—Intanéd/2 is the pseudorapidity and the sum is taken
over all particles emitted in an event into a fixed but large
solid angle. The importance & distributions in relativistic
heavy ion(RHI) collisions is that they are largely dominate

3Present address: Reedley College, Reedley, CA 93654.

bpresent address: Lawrence Livermore National Laboratory,
ermore, CA 94550.

“Present address: Renaissance Technologies Corp., Stony Bro
NY 11790.

dpresent address: Oak Ridge National Laboratory,
TN 37831.

®Present address: Radionics Software Applications, Inc., Burling-

ton, MA 01803.
fPresent address: New Side S.A., Buenos Aires, Argentina.

dV

Liv-

PHYSICAL REVIEW C 68, 034908 (2003

by the nuclear geometryof the reaction and so provide a
measure of the overall character @gntrality of individual

RHI interactions: as the impact parameter is reduced from
grazing impact, more nucleons participdteere are fewer
spectatorsso more energy is transferred from the projectile
and target rapidity regions to the transverse direction and
toward midrapidity. Extensive references to the literature and
details of the measurement are given in the previous publi-
cation[1].

Two issues addressed in the previous stdidly were
whether the limited acceptance and the limited calorimeter
responsegelectromagnetic instead of hadronaffected the
centrality characterization and whether the suc¢dgg1] in
reconstructing the measuredt+@, Si+A, Au+Au (B+A)
midrapidity E; spectra as the sum of the oneBdold con-
olutions of the measureg+ Au spectrum, weighted ac-
cording to the “geometric”probability for 1, 2, .., B of
the projectile nucleons to interact in the targ@bunded pro-

jectile nucleon model, or WPNMcould be an artifact of the

limited coverage.

One obvious problem witk distributions from a limited

Qekperture EM calorimeter in comparison to measurements us-

Ing 47 hadronic calorimeters is the difficulty in relating the

Oak Ridgeend points or the overalt; scales of the spectra to the total

available energy for the reaction. In the previous study, the
E; scale for each aperture was normalized by the measured
(E7) in the same aperture fgr+ Au collisions[1], so that

the distributions became transformed to the physically mean-
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equivalent to projectile participants at AGS enerdikls The
gssue of whether or how precisely thg; distributions in

limited apertures are proportional to the number of projectile
participants could then be read directly from the data without

any recourse to external centrality definition or other correc-
tion of the E; spectra for limited aperture and calorimeter

response. It was found that the upper percentiles of these

distributions, in units oE+(5%)/(E+(5%))p+au. varied only
slightly (=5%) with 67 over the range 7 percentile to 0.5

"Present address: Nippon Telegraph and Telephone Co., Tsuyanf2ercentile typically used to defireentral collisions Notably,

Okayama 708, Japan.

this small-observed variation was significantly less than

°Present address: The Institute of Physical and Chemical Resear¥¥ould be expected if the data were perfectly described by the

(RIKEN), Saitama 351-01, Japan.

W
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than the percentiles of a pure WPNM or wounded nucleon
model (WNM) calculation, for instance as given recently by
the four experiments at RHI(2].2

II. THE IMPORTANCE OF py FOR LIMITED APERTURES

A key quantity forEt distributions in limited apertures is

the probabilityp, for a p+ Au collision (or other reference
reaction to produce no signal on the aperture, #w inter-

2The WNM and WPNM calculations are degenerate for-w,

since by symmetry the total number of wounded nucleons is simply

The Aut+Au measurements were at 1A.&eV/c and scaled up

twice the number of wounded projectile nucleons at any impact

in E by a factor of 1.155 to correspond to the higher beam energyparameter.
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TABLE I. Measured quantities frorp+Au data from Ref[1]. Errors quoted are statistical only. The
(Et) observed on each interval is computed fronk" alistribution fit to the measurelt; spectrum. The
probability py for a p+Au reaction to produce zero signal on the intenéaj is computed by taking
1-p, as the ratio ofo, the observed cross section on the interval, to the inelgstid\u cross section
of 1.662 b(0.176 B from a nuclear geometry calculatid®]. Also note that on each intervgdE)™®

=(1-po){Er).
Measured quantities fromp+ Au collisions in Ref[1]

o7 o (b) (Et) (GeV) 1-po (Ep)e (GeV)  (Ep)™“987 (GeV)
1.30 1.52:0.02 0.3530.007 0.91%#0.011 0.324-0.008 0.249-0.006

0.966 1.460.02 0.286-0.006 0.844:0.011 0.2410.006 0.256-0.006

0.624 1.2%0.02 0.1970.006 0.7740.014 0.152-0.005 0.244-0.009

0.378 1.2%0.06 0.1190.007 0.7740.034 0.092-0.007 0.2440.018

val in the present discussion. Since the measyEsd cor- In Sec. Il we show how normalization of tte; scale by

responds to the case where a signal is detected on the apéE+)"™gives an excellent representation of the WPNM in all
ture, it only corresponds to a fraction—Ip, of all p+Au apertures, while using the observéB;) gives results far
collisions and is thus biased. The tr¢€;) for all p+Au  from the WPNM values. In Sec. IV we compare the data for
collisions is the two cases, with surprising results.

11l. WOUNDED NUCLEON MODELS
(Er)piau= (1= Po){Er)prau. (2)

In the extreme-independent-collision models Bf+ A
where we keep the notation from REf] that<ET(577)>p+Au nuclear scattering, such as the wounded nucleon nj@c#l
without the superscript “true” means the measured or ob-and wounded projectile nucleon model, the effect of the
served value. nuclear geometry of the interaction can be calculated inde-

For experiments where the cross sectibndE; is mea-  pendently of the dynamics of particle production, which can
sured, the probabilityp, for the reference reaction to pro- be taken directly from experimental measurements. In these
duce zero signal on an interval can be computed by takingnodels, the nuclear geometry is represented as the relative
1-p, as the ratio ofr, observed cross section on the inter- probability per interaction for a given number of total par-
val (from the integral of theda/dE5), to the known cross ticipants(WNM), projectile participant§WPNM), or other
section for the reference reactiph,5]. In Ref.[1] this was  basic elements of particle production such as wounded pro-
done forp+Au collisions as a function 067 (see Table).  jectile quarks(additive quark model[9] or binary nucleon-
From Table I, the bias of the measuré;) is evident: for ~ nucleon collisions, integrated over the impact parameter of
instance, when thé7 is reduced from 1.30 to 0.624, a factor the B+A reaction. Typically, Woods-Saxon densities are
of 2.08, the observedE;) falls by only a factor of 1.79, used for both the projectile and target nuclei, and the
from 0.353 to 0.197 GeV. It is easy to realize that the onlynucleon-nucleon inelastic cross section appropriate to the
case for which splitting an interval in half will result in ex- center of mass energy of the collision is taken. For the
actly half the measure(E+) on each half interval is whep, ~ Present discussion, 30 mb is used, corresponding to a
is the same on both the full and each of the half intervals. Ifucleon-nucleon mean free path-62.2 fm at nuclear den-
general, this can only happen whpp=0 on both half in- ~ Sity. Once the nuclear geometry is specified in this manner,
tervals. Alternatively, if the measure(Ey) is corrected to experimental measurements can be used to derive the distri-
(E1)™e on all intervals, then a true split occurs. This can bePution (in the actual detectpof Ey or multiplicity (or other
seen in Table | wheréE+)™® drops by a factor of 2.1 from additive quantity for the elementary collision process, i.e., a
0.353 to 0.197 GeV andE )" 67 is constant fromdy wounded nucleon or gwounded prOjgcnIe nucleon, which is
—1.30 to 0.378 as expected for a constde /d 7 [6]. then used as the baS|_s of _the analysis of a nuclear scattering

In Ref.[1], the E; scales for each aperture were normal-2S the result of multiple ]ndepen.dent elementary coII|S|0|j
ized by the measure(E) in the same aperture fgr+Au processes. The key experimental |ssue'then be;cpmes the lin-
collisions [1], and we noted above that this normalization €@ty Of the detector response to multiple collisidhstter
transformed the distributions to physically meaningful unitsthan 1% in the present casénstead of detailed instrumental
which we called “number of average+ Au collisions.” Itis ~ COITections to obtain, e.g., the total hadrofii¢ impinging
clear from the present discussion that we should have calle@ the detector by correcting the measukgdusing the re-
these units number of averagiserved p-Au collisions.  SPOnse function or hadronic simulation.

Distributions in the true number of average- Au collisions The WPNM calculation for a BA reaction is given by
are obtained by normalizing tHe; scales for each aperture e sum

by (Eq)"™e=(1—py)(Er) in the same aperture fqu+Au dor B

collisions. The difference in results for the two cases is in- (—) ZUBAE w, P(E7), (3)
vestigated in the following sections. dEr/ enm n=1
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whereog, is the measureB + A cross section in the interval
ém, W, is the relative probability fon projectile participants
in the B+ A reaction, andP,(Ey) is the calculatedE dis-
tribution on thed# interval for n independently interacting
projectile nucleons. If,(Et) is the measure@; spectrum

on the 87 interval for one projectile nucleon, in the present

case thep+ Au spectrum, ang, is the probability for ap
+ Au collision to produce no signal in th&y interval, then,
the correctly normalized distribution for one projectile
participant is

P1(E7r)=(1—po)f1(E7)+pod(Er), (4)

where §(E) is the Dirac delta function andf,(E;)dE;
=1. P,(Ey) (including thep, effect is obtained by convo-
luting P1(E+) with itself n—1 times,

n

2 o

Pn(E7)= N ——pp (1= po) fi(Ex), (5

where fo(ET)=6(E1) andf;(Et) is theith convolution of
f1(Er):

00= [ ayhf x-y). ®)

Substituting Eq.(5) into Eqg. (3) and reversing the indices
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gives a form that is less physically transparent, but consider-

ably easier to compute:

do B
(ﬁ) = oaad, W] (po)fi(Ex), @)
T/ WPNM i=1

where

I(n |)' I|p0 Wn

W/ (po)=(1— po)E (8)

It is interesting to note that the mean of théh convolution
of the observed reference distribution, E6),

| EdtuEndE=ncED, ©
givesn times the observe(E+), as it should, while the mean
of the distributionP,(E;) for n independently interacting
projectile nucleons, Eq5), gives the correct value for

fETPn(ET)dET:n<ET>(1_pO):n<ET>true- (10
The WPNM calculations from Ref[1] for Au+Au
(14.6A GeV/c) with the E1(67%) scale normalized by the
measured E1(57)),+a, are shown in Fig. (8 while the
same calculations with th&{(57) scale normalized by
(E+(67) g‘fAu are shown in Fig. (). As noted in Ref[1]
the positions of the knees of the curves in Figp) decrease

proportionally to 1-p, and the steep falloffs above the retical

knees reflect the shapes of the underlymg Au distribu-

FIG. 1. (a) WPNM distributions for Au-Au at 14.6A GeV/c on
the four 87 intervals, §7=1.30 (light solid), 0.966 (dotg, 0.624
(dashey 0.378(dot dash, with E;(J87%) scales normalized by the
measuredE+(67)),+a, ON the same intervalb) WPNM distribu-
tions for Aut+Au at 14.6A GeV/c on the fourdz intervals, with
E(87) scales normalized by the trqET(ﬁn))gﬁu on the same
interval. The solid-jagged curve is the relative probabiity for n
projectile participants. The integrals of all curves are normalized to
6.47 b, the measured AtAu cross section on all four interval{s
within negligible statistical error

tions. This is especially clear for the curves &n=0.624

and 0.378 in Fig. (@ which have the samp, but different
shapep+ Au reference spectra. In Fig(k), the curves with
E1(87) scales normalized b{E+(57) gﬁu nicely illustrate

the expected behavior of WPNM calculations with different
shape reference distributions. The WPNM calculations
closely follow the relative probability fon projectile partici-
pantsw,, until just below the knee-160 projectile partici-
pants, roughly the upper 4-5 percentile. Above the knee, the
shapes of the distributions no longer reflect the simple
nuclear geometryw(,,), which is exhausted at 193 projec-

tile participants, but are sensitive to the underlying dynam-
ics, in this case represented by the difference in shapes of the
reference distributions, which fluctuate mdese flattey the
smaller the aperture. It is clear from Fig. 1 that normalizing
the scale ofEr(57) by (E+(67) g‘fAu really does give dis-
tributions which can be directly read in projectile partici-
pants up to the top 5 percentile and is better from the theo-
standpoint than normalizing by the measured
(E1(67))p+au Which does not correctly reflect the true num-
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[ T [ [ spectra are increasingly above the WPNM. Nevertheless, the
data in Fig. 2Zb) all closely follow thew, distribution to
~160 units and above the knee exhibit a larger fluctuation,
the smaller the aperture, just like the model. On the other
hand, comparison of Figs(@ and Xa), the distributions of
the data and WPNM with th&(5%) scale in units of the
measured E(57) ), au, reveals that the small systematic
variations of the data from the WPNM produce data distri-
butions which overlap entirely over the whole measured
[ range for the largest thra®y intervals, with the smallestyn
‘ L Ll L L . - ; . ; .
=0 100 50 200 250 interval deviating slightly only in the upper tail. This spec-
By /<Er>p tacular empirical scaling law was perhaps understated in Ref.
[1] with the description that the upper percentiles of the data
distributions showed “small-observed variation” as a func-
tion of 67, “significantly less than would be expected” in
the WPNM. It is worth remarking that the empirical scaling
illustrated in Fig. 2a) would likely have been missed if we
had followed in Ref[1] the correct procedure for normaliz-
ing theE;(67) scales outlined in the present work. It is also
worth noting that empirical scaling behavior Bf distribu-
tions in disagreement with the WNM was seemifw colli-
sions aty/syy=31 GeV at the CERN ISR10].

a)
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10— V. CONCLUSIONS
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a

The procedure for obtaining distributions with aper-
ture corrected scale outlined in R¢f] is amended in the

FIG. 2. (a8 Measured distributions for AwAu [1] at Presentwork by using the try&r)"" for the reference dis-
14.6A GeV/c on the fourdy intervals, s7=1.30 (circles, 0.966  tribution in the aperture, rather than the obserygd), to
(diamonds, 0.624(triangles, 0.378(square} with Er(57) scales Nnormalize theEr scale in the same aperture f8r+A colli-
normalized by the measurd(87)),:a, ON the same interval. Sions. The measure(Er) is biased because only a fraction
(b) Measured distributions for AtAu on the four 87 intervals, 1—pg of the reference collisions produce a signal on the
with E1(87) scales normalized by the try&r(57)) 5, on the  aperture, so thatE+)"™*® for the reference distribution is re-
same interval. lated to the measure(E;) by (E;)™e=(1—pg)(Er). As

demonstrated in Figs.(l) and Zb), normalizing the scale of
ber of projectile participants because of bias in the measurehe measure&(5») distribution for Aut+-Au collisions by
spectrum. Perhaps this should have been obvious from EqéE+(57))"™ ¢ in the same aperture for the reference distribu-
(3) and (10). tion really does give results which can be read directly in
physically meaningful unitgprojectile participants for the
IV. THE MEASUREMENTS present discussi()rup to the top 5 percentile without re-
course to external centrality definition or correction of Ehe

The measure& distributions from Ref[1] for Au+Au,  spectra for limited aperture and calorimeter response. For the
corrected to 14.6A GeVi/c, are shown in Fig. @) with the  data at AGS energies, the reference distribution usedpvas
Er(67) scale normalized by the measuréBt(67))pau  +Au, which at midrapidity was showfi] to represent the
and in Fig. 2b) with the E{(J7) scale normalized by E distribution of a projectile participant. At higher energies,
(E1(87))p A, By comparing Figs. @) and 1b), itis easy  such as at RHICp-p data could be used as the reference
to see from the distributions of the data and WPNM in unitsdistribution for two participants. ThEy distributions forB
of <ET(577)>gf’fAu that the data largely follow the WPNM, +A collisions with E; scale normalized byE+)"™® in the
but, as noted in Ref[1l], systematically vary from the same aperture fop-p collisions would then be given
WPNM predictions as a function ofz. The data in the directly? in the popular unit, “per participant-pair.” Of
617=0.966 aperture are closest to the WPNM, while thecourse, one should also keep alert for possible additional
larger 67 spectrum is below the WPNM and the smaldey  unexpected empirical scaling laws fBr distributions.
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