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Scaling of charged particle production in d+Au collisions at ./syy = 200 GeV
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The measured pseudorapidity distributions of primary charged particles over a wide pseudorapidity range of
In] < 5.4 and integrated charged particle multiplicities in d+Au collisions at ,/syy = 200 GeV are presented as
a function of collision centrality. The longitudinal features of d4-Au collisions at /syy = 200GeV are found to
be very similar to those seen in p+A collisions at lower energies. The total multiplicity of charged particles is
found to scale with the total number of participants according to N9 = 1 (Npar) N/, and the energy dependence
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of the density of charged particles produced in the fragmentation region exhibits extended longitudinal scaling.
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Charged particle multiplicities have been studied exten-
sively in high energy collisions because of the intrinsic interest
in understanding the production mechanism. More recent
interest comes in the context of searching for and studying
new forms of matter that are expected to be created in heavy
ion collisions at ultrarelativistic energies. A key quantity that
contains information about the longitudinal aspects of the
multiparticle production process and has provided valuable
input for discriminating between phenomenological models in
the past [1] is the rapidity distribution of identified particles.
When particle identification is not available, the almost
equivalent pseudorapidity distribution of charged particles
suffices. For this reason, such distributions have been studied
in detail in hadron+proton [2], hadron+nucleus [3,4], and
nucleus+nucleus [5] collisions.

Since the first collisions were achieved at the BNL
Relativistic Heavy Ion Collider (RHIC), the PHOBOS Collab-
oration has obtained extensive information on pseudorapidity
distributions of charged particles produced in Au+Au colli-
sions for energies ,/syy between 19.6 and 200 GeV and over
a large range of collision geometries. We have observed, for
example, that the particle density in the midrapidity region
changes smoothly as a function of /sy [6] and that the total
charged particle production scales linearly with the number of
participants [7]. Further detailed observations of the shape of
the pseudorapidity distribution show a scaling according to the
“limiting fragmentation” hypothesis [8].

The study of a simpler system such as d+Au at the same
energy as Au+Au is essential to gain insight into which aspects
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of the data follow from the initial interacting states or general
properties of the hadronic production process, and which are
the consequence of the very different environments created in
d—+Au and Au+Au collisions.

In this Rapid Communication, we present the results of
detailed measurements of the pseudorapidity distributions of
primary charged particles, d N.,/dn, as a function of collision
centrality in d+Au collisions at ./syy =200GeV over a
wide pseudorapidity range of || < 5.4. The results for d+Au
collisions are compared to Au+Au collisions and inelastic
p(p)+p collisions at \/syy = 200GeV as well as to p(r ™,
K™)+nucleus collisions at lower energies. To continue our
previous studies presented in Ref. [9], to see to what extent
the simple concept of the “wounded nucleon model” [10]
continues to apply at higher energies, and to search for
evidence of the onset of gluon saturation, the results of d+Au
collisions are compared with several recent calculations [11]
and predictions [12]. Within systematic uncertainties, the data
can be described by the parton saturation model, while the
AMPT model fails to reproduce the data in peripheral d+Au
collisions.

The data were obtained with the multiplicity array of the
PHOBOS detector [13]. The array consists of an octagonal
barrel of silicon detectors, the Octagon, surrounding the
interaction region in an approximately cylindrical geometry
covering |n| < 3.2. This array is augmented by two sets of
three annular silicon counter arrays, the Rings, along the
beam pipe far forward and backward of the interaction region
(3.0 < |n| < 5.4). This array is identical to that used in our
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FIG. 1. HUING simulations of the dN./dn distributions of
charged particles in d+Au collisions at /syy = 200 GeV obtained
foraselected N1 = 15 (solid line) compared with four other distinct
centrality measures (symbols) done for centrality bins that yield to

the same (N 7€)

study of Au+Au collisions [8]. The setup also includes two
sets of 16 scintillator counters (3.0 < |n| < 4.5) which were
used in the primary event trigger and in the offline event
selection.

The centrality determination was based on the observed
total energy deposited in the Ring counters, Egin, Which
is proportional to the number of charged particles hitting
these detectors. The choice of this centrality measure was
based on extensive studies utilizing both data and Monte
Carlo (MC) simulations to identify a measure which showed
minimum effects of auto-correlations on the final dN.,/dn
result. We studied four other distinct centrality measures based
on the multiplicity in different regions of pseudorapidity,
called Eto, Eoct, Eawpirs and Egpir, discussed previously in
Ref. [9]. Using MC simulations, we found that these other
centrality measures, which are obtained over limited regions
of pseudorapidity, all induce significant bias on the d N, /dn
distribution, as shown in Fig. 1. These effects can be large,
resulting in enhancements (suppressions) in the reconstructed
midrapidity yields of up to ~30% for central (peripheral)
collisions. The MC simulations used in the study included both
HIJING [14] and AMPT [15] event generators coupled to a full
GEANT [16] simulation of the PHOBOS detector. To obtain
dNcy/dn, the BRAHMS collaboration [17] recently used a
centrality measure similar to Eq.. According to our analysis,
Eo¢ (and therefore the BRAHMS method) shows undesirable
biases arising from auto-correlations.

Ratios of the reconstructed d N.,/dn distributions obtained
from the five centrality measures for data and, independently,
for the MC simulations were found to agree, giving confidence
in the entire methodology. Knowledge of the unbiased MC
simulated “truth” distributions then provided a clear choice of
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TABLE 1. Estimated number of nucleon participants in the
incoming gold (N and deuteron (N, ) nuclei ((Npur) = (Nity) +
(N;z;)) and the number of collisions (N ) as a function of centrality
in d+Au collisions. The integrated charged particle multiplicity
in the measured region and the estimated total charged particle
multiplicity extrapolated to the unmeasured region are listed. All

errors are systematic (90% C.L.).

Cent. (%)  (Npw) (N) (Neon) Nli]‘km Ny
0-20 135+£1.0 20401 147£09 157+10 1671}
20-40 89+0.7 19401 98+£07 109+£7 1157
40-60 54406 17+£02 59406 74+5 77']
6080 20405 14402 31406 46+3 4873
80-100 1.6+04 1.14+02 17+05 2843 2913
Min-Bias 66+0.5 17+0.1 7.14+05 8+6 877
50-70 39406 16402 42406 59+4 6273

the optimum centrality measure based on the Ring detectors,
which resulted in the least bias on the measurements.

The multiplicity signals of Erj,e were divided into five
centrality bins, where each bin contained 20% of the total cross
section. The trigger and vertexing efficiency was determined
for each bin. Knowledge of the efficiency as a function of
multiplicity allowed for the correct centrality bin determina-
tion in data as well as the extraction of the corresponding
efficiency-averaged number of participants. A comparison of
the data and the MC simulations yielded an overall efficiency
of ~83%.

Results of the Glauber calculations implemented in the MC
simulations were used to estimate the average total number of
nucleon participants (Npa), the number of participants in the
incident gold (N:v), and the deuteron (Ny,,) nuclei, as well
as the number of binary collisions (N.o) for each centrality
bin (see Table I).

The details of the analysis leading to the measurements
of dN¢,/dn can be found in Ref. [18]. The final results use
the average of the two methods based on hit-counting and
energy deposition. The measured d N, /dn was corrected for
particles which were absorbed or produced in the surrounding
material and for feed-down products from weak decays of
neutral strange particles. Uncertainties in d N, /dn associated
with these corrections range from 6% in the Octagon up to
28% in the Rings. These uncertainties dominate the systematic
erTors.

Figure 2 shows the dNg/dn distributions for d+Au
collisions at /syy = 200GeV in five centrality bins, 0-20%
being the most central, and for minimum-bias events, dis-
cussed in detail in Ref. [9]. The pseudorapidity is measured
in the nucleon-nucleon center-of-mass frame; a negative pseu-
dorapidity corresponds to the gold nucleus direction. For the
most central collisions, the mean n of the distribution is found
to be negative, reflecting the net longitudinal momentum of the
participants in the laboratory (NN) frame. For more peripheral
collisions, the mean 7 tends to zero as the distribution becomes
more symmetric. For measurements of d+Au in the nucleon-
nucleon center-of-mass system, the Jacobian associated with
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FIG. 2. Measured pseudorapidity distributions of primary n

charged particles from d4-Au collisions at ,/syy =200GeV as a
function of collision centrality. Shaded bands represent 90% confi-
dence level systematic errors, and the statistical errors are negligible.
The minimum-bias distribution is shown as open diamonds [9].

the transformation d N, /dy and d N, /dn naturally produces
the “double-hump” structure in d N, /dn even if there is no
structure in d N, /dy. As a function of collision centrality, the
integrated charged particle multiplicity in the measured region
(In] <5.4) and the estimated total charged particle multiplicity
extrapolated to the unmeasured region using guidance from
the shifted p+nucleus data (see Fig. 6) are presented in
Table 1.

Now, we compare our d+Au results with p(p)+p and
p—+ A data obtained at lower energy and discuss the energy and
centrality dependence of the data (see Fig. 3). The results are
consistent with a picture in which the production of particles
with rapidity near that of the incident deuteron (gold) is
approximately proportional to the number of deuteron (gold)
participants. These trends are consistent with lower energy
p+ A data[20,21] and with the quark-parton model of Brodsky
etal. [22].

Figure 4(a) shows that the total charged particle multiplicity
scales linearly with (Npw) in both d4+Au and Au+Au
collisions. It also indicates that the transition between inelastic
p(p)+p collisions and Au+Au collisions is not controlled
simply by the number of participants, as even very central
d+Au multiplicity per participant pair shows no signs of
extrapolating to the Au+Au results. Not only do we find that
the total charged particle production in d+Au scales linearly
with (Npar), but also that the scaling relative to the p(p)+p
multiplicity is energy independent and the same in all hadron +
nucleus collisions [3]. This is evident from Figure 4(b) where
the ratio Ry = New/NZ! is plotted as a function of (Nyyy) fora
large variety of systems and energies. Here N, is the integrated
total charged particle multiplicity for d+ A, p+ A [20], and
NZI' is for p(p)+p. Note that the v (v = ( c011)/(N51m))

FIG. 3. Centrality dependence of the dN,/dn ratio of d+Au
collisions relative to the fit to the inelastic UAS p(p)+p data [19] at
the same energy. Arrows represent the (N;fm) of the most central and
most peripheral collisions. Typical systematic errors are shown for
selected points. The inset figure shows the variation of the ratio as a
function of (Nl;t‘r’l) for four n regions in the gold direction. Dashed
lines represent a linear fit to the data.

of central d+Au collisions is twice that of minimum-bias
p+Pb collisions.

It is this scaling, observed for the first time by Busza et al.
[25], which led to the wounded nucleon model [26]. Based on
the recent calculation presented by Bialas ef al. in Ref. [10], we
conclude that the wounded nucleon model not only describes
the total multiplicity but also the complete pseudorapidity
distributions. Kharzeev et al. [11] find, however, that the data
can also be well reproduced within the parton saturation model.
Figure 5 shows the comparison of our data with the recent
calculations of parton saturation [11] and the predictions of
AMPT [12].

Finally, Fig. 6 compares d N.,/dn distributions of d+Au
to p + Emulsion (Em) collisions at five energies [4,27,28],
in the effective rest frame of both the projectile “beam” (a)
and target (b). For p+Em data, the d N, /dn distributions
represent the sum of shower and gray tracks. Note that 7 is
measured in different reference frames for d+Au and p+Em.
This means that compared to d+Au collisions, the p+Em
pseudorapidity distributions are suppressed by the Jacobian
for 1 + Yuarger ~ 0. The 50-70% centrality bin of d+Au
collisions was selected in order to match as well as possible
legfr‘t /N part to lea‘r‘} /Ny Where (Npar(pEm)) = 3.4. The
relative normalization of the d N, /dn for d+ Au and p+Em
collisions requires a ratio of {Npai(dAu))/{Npai(pEm)) = 1.6
(a multiplicative factor of 1/1.6 has been applied to the d+A
data), such that the data correspond to the same number of
nucleons interacting with the nucleus. A remarkably good
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FIG. 4. (a) Total integrated charged particle multiplicity per
participant pair in d4+Au, Au+Au [7], p(p)+p inelastic [23] and
p(p)+p nonsingle diffractive (NSD) [24] collisions at the same
energy, /syy =200GeV. (b) Ratio R4 = Nen/NZ5’, where NIV
is the total number of charged particles for inelastic p(p)+p
collisions, as a function of the total number of participant
nucleons (N,,) for different collision systems. The n* + Pb,
p+C, p+Cu, and p+Pb collisions are for ,/syy = 19.4,
13.8, and 9.8 GeV, and the K* + Pb for /syy = 13.8, and
9.8 GeV from Ref. [20], respectively. For the d+Au and Au+Au
data, the error bars indicate systematic errors (90% C.L.). Dashed
line represents the linear relation Ry = 1 (Npar).

agreement (extended longitudinal scaling) is observed in the
fragmentation regions of the deuteron (gold) between d+A and
p~+Em collisions at different energies. Furthermore, the region
in which charged particle densities are energy independent
extend to lower |n| with increasing collision energy in both

r 7
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FIG. 5. (a) Comparison of pseudorapidity distributions from
d+Au collisions at /syy = 200GeV for the most central (0-20%)
collisions to the recent parton saturation calculation [11] and to
the predictions of AMPT model [12]. (b) Same as (a), but for the
most peripheral (80-100%) collisions. Gray bands correspond to
systematic data errors.
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FIG. 6. (a) Comparison of dN.,/dn distributions for d+Au
collisions scaled (see text) to p+Em collisions (sum of shower
and gray tracks) at five energies [4,27,28]. n measured in the c.m.
system has been shifted to 7 — ypeam to study fragmentation regions
in the deuteron/proton rest frame. (b) Same as (a), but shifted to
N+ Yarger 10 study fragmentation regions in the gold/ Emulsion rest
frame.

the deuteron and gold directions. In Ref. [29], we reported
a similar comparison but for more central d+Au and p+Pb
[3] collisions. This extended longitudinal scaling, also seen
earlier in p(p)+p [2], p+A [27,30], and A+A [8] collisions,
suggests that the dominance of the two scaling regions is a
common longitudinal feature of all multiparticle production
processes.

In summary, we find that the longitudinal features of d+Au
collisions at ,/syy = 200GeV, as reflected by the centrality
dependence of the pseudorapidity distributions of charged
particles, are very similar to those seen in p+A collisions
at energies lower by more than an order of magnitude. In par-
ticular, we find that in d+Au collisions, the total multiplicity
of charged particles scales linearly with the total number of
participants, that the transition between the multiplicity per
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participant in d+Au and Au+Au collisions is not controlled
simply by the total number of participants, and that the energy
dependence of the density of charged particles produced in the
fragmentation regions exhibits extended longitudinal scaling.
The results can be accommodated in the framework of current
models; however, they do impose significant constraint on the
models.
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