
Nuclear Physics A 00 (2021) 1–4

Nuclear
Physics A

Transverse energy (ET ) distributions at mid-rapidity in p+p, d+Au
and Au+Au collisions at √sNN =200 GeV and implications for

particle production models

M. J. Tannenbaum (for the PHENIX Collaboration)1

Physics Department, Brookhaven National Laboratory, Upton, NY 11973-5000, USA

Abstract

Measurements of the mid-rapidity transverse energy distribution dET /dη are presented for p+p, d+Au, and Au+Au collisions at
√sNN =62.4–200 GeV. The ET distributions are compared with the number of participants, Npart, the number of constituent-quark
participants, Nqp, and the number of color-strings (Additive Quark Model — AQM) calculated from a Glauber model. For Au+Au,
〈dET /dη〉/(0.5Npart) increases with Npart, while 〈dET /dη〉/Nqp is approximately constant vs. centrality for √sNN ≥ 62.4 GeV. This
indicates that the two component ansatz, dET

AA/dη = (dET
pp/dη) [(1 − x) Npart/2 + x Ncoll], which has been used to represent ET

distributions, is simply a proxy for Nqp, and that the Ncoll term does not represent a hard-scattering component in ET distributions.
The dET /dη distributions of d+Au, and Au+Au are calculated from the measured p+p ET distribution using two models (AQM
and Nqp) that both reproduce the Au+Au data. For the asymmetric d+Au system, the Nqp model reproduces the data while the
AQM does not.
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1. Introduction

Recent PHENIX measurements of mid-rapidity transverse energy distributions dET /dη (more properly dET /dη|η=0,
measured in an electromagnetic calorimeter and corrected to total hadronic ET within a reference acceptance of
∆η = 1.0,∆φ = 2π [1]) are presented for p+p, d+Au and Au+Au collisions at √sNN =200 GeV and Au+Au col-
lisions at √sNN =62.4 and 130 GeV. The transverse energy ET is a multiparticle variable defined as the sum

ET =
∑

i

Ei sin θi dET (η)/dη = sin θ(η) dE(η)/dη, (1)

where θ is the polar angle, η = − ln tan θ/2 is the pseudorapidity, Ei is by convention taken as the kinetic energy for
baryons, the kinetic energy + 2 mN for antibaryons, and the total energy for all other particles, and the sum is taken
over all particles emitted into a fixed solid angle for each event.

The transverse energy, ET , was introduced by high energy physicists [2, 3] as an improved method to detect
and study the jets from hard-scattering compared to high pT single particle spectra by which hard-scattering was
discovered in p+p collisions and used as a hard-probe in Au+Au collisions at RHIC. However, it didn’t work as
expected: ET distributions are dominated by soft particles near 〈pT 〉 [4].

1A list of members of the PHENIX Collaboration and acknowledgements can be found at the end of this issue.
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The significance of systematic measurements of mid-rapidity dET /dη and the closely related charged particle
multiplicity distributions, dNch/dη, in A+B collisions is that they provide excellent characterization of the nuclear
geometry (hence centrality) of the reaction on an event-by-event basis, and are also sensitive to the underlying reaction
dynamics. For instance, measurements of dNch/dη in Au+Au collisions at the Relativistic Heavy Ion Collider (RHIC),
as a function of centrality expressed as the number of participating nucleons, Npart, do not depend linearly on Npart but
have a nonlinear increase of 〈dNch/dη〉with increasing Npart. The nonlinearity has been explained by a two component
model [5, 6] proportional to a linear combination of Ncoll and Npart, with the implication that the Ncoll term represents
a contribution from hard-scattering. Alternatively, it has been proposed that dNch/dη is linearly proportional to the
number of constituent-quark participants (NQP) model [7], without need to introduce a hard-scattering component.
For symmetric systems such as Au+Au, the NQP model is identical to another model from the 1980s, the Additive
Quark Model (AQM) [8], which is actually a model of particle production by color-strings in which only one color-
string can be attached to a constituent-quark participant. The models can be distinguished for asymmetric systems
such as d+Au, since in the AQM the maximum number of color-strings is limited to the number of constituent-quarks
in the lighter nucleus, or six for d+Au, while the NQP allows all the quark participants in both nuclei to emit particles.
The two-component ansatz, the NQP model and the AQM will be tested with the present data.

2. Extreme independent models

The models mentioned above are examples of Extreme Independent Models in which the effect of the nuclear
geometry of the interaction can be calculated independently of the dynamics of particle production which can be
taken directly from experimental measurements. The nuclear geometry is represented by the relative probability, wn

per B+A interaction for a given number n of fundamental elements, in the present case, number of collisions (Ncoll),
number of nucleon participants (wounded nucleon model — WNM [10]), number of constituent-quark participants
(Nqp), number of color-strings (AQM). The dynamics of particle production, the Nch or ET distribution of the funda-
mental element, is taken from the measured p+p data in the same detector: e.g. the measured Nch distribution for a
p+p collision represents: 1 collision; 2 participants (WNM); a predictable convolution of constituent-quark partici-
pants (NQP), or projectile-quark participants (AQM). Glauber calculations of the nuclear geometry (wn) and the p+p
measurement provide a prediction for the B+A measurement in the same detector as the result of particle production
by multiple independent fundamental elements.

I became acquainted with these models in my first Quark Matter talk (QM1984), in which I presented measure-
ments of ET distributions from p+p and α+α interactions at √sNN =31 GeV at the CERN-ISR (Fig. 1a [11, 12]). It
was claimed at the meeting that the deviation from the WNM was due to jets [13], but in both proceedings [12, 13] it
was demonstrated that “there is no . . . sign of jets. This indicates that soft processes are still dominant, and that we
are still legimately testing the WNM at these high values of ET .” [13]. As shown in Fig. 1a, the WNM did not follow
the data but the AQM did [9]. Jets do appear in ET distributions as a break <∼10−5 down in cross section (Figs. 1b,c).
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JETS IN HADRONIC COLLISIONS 111

clear peak at A~o12 = 180° is observed, which indicates that the two clusters
are coplanar with the beam direction.

The emergence of two-cluster structures in events with large ~ ET is even
more dramatically illustrated by inspecting the transverse energy distri-
bution over the calorimeter cells. Figure 4 shows such a distribution for four
typical events having ~ ET > 100 GeV. The transverse energy appears to be
concentrated within two (or, more rarely, three) small angular regions.
These energy clusters appear to be associated with collimated multiparticle
systems (jets), as found by reconstructing the charged-particle tracks 
these events (see Figure 5). Furthermore, longitudinal shower develop-
ments, as measured in the calorimeter, are found to be inconsistent, in
general, with those of single particles, but consistent with those of jets
containing both charged hadrons and photons (from o decay).

103

10z

10

.~ 10-1

10-z

10-3

UA2

50

+

100 150 200 250
YET (5eV)

Figure 2 Distribution of the total transverse energy ~.. ET observed in the UA2 central
calorimeter.
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Figure 1. (a) ET distributions in p+p, α+α [11] at √sNN =31 GeV, with AQM and WNM calculations [9]. (b),(c) ET distributions with breaks
indicating jets: (b) p+p

√
s =62.3 GeV [14]; (c) dσ/dET (nb/GeV) vs. ET for p̄+p

√
s =540 GeV [15].
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3. ET and Nch distributions cut on centrality

At RHIC, following the style of the CERN SpS rather than the BNL-AGS fixed target heavy ion program, ET

and Nch distributions were not generally shown. The measurements were presented cut in centrality in the form
〈dNch

AA/dη〉/(〈Npart〉/2) vs. 〈Npart〉 (Fig. 2), which would be a constant equal to 〈dNch
pp/dη〉 if the WNM worked.

The measurements clearly deviate from the WNM (Fig. 2a) [16]; so the PHENIX collaboration, inspired by the
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Figure 2. (a) PHENIX, Au+Au, √sNN =130 GeV [16]; (b) ALICE, Pb+Pb, √sNN =2.76 TeV [17]; (c) PHENIX preliminary Au+Au, √sNN =7.7
GeV compared to the data at larger √sNN [18].

preceding article in the journal [5], fit their data to the two-component ansatz:

dNch
AA/dη = (dNch

pp/dη) [(1 − x) 〈Npart〉/2 + x 〈Ncoll〉] (2)

where the Ncoll term implied a hard-scattering component for ET and Nch, known to be absent in p-p collisions 2 (recall
Fig. 1). A decade later, the first measurement from Pb+Pb collisions with √sNN =2.76 TeV at the LHC Fig. 2b [17],
showed exactly the same shape vs. Npart as the RHIC Au+Au data at √sNN =200 GeV, although 〈Ncoll〉 is a factor
of 1.6 larger and the hard-scattering cross section is more than a factor of 20 larger. This strongly argued against
a hard-scattering component and for a nuclear geometrical effect, which was reinforced by a PHENIX preliminary
measurement in Au+Au at √sNN =7.7 GeV (Fig. 2c) [18] which also showed the same shape for the evolution of
〈dNch

AA/dη〉/(〈Npart〉/2) with Npart as the √sNN =200 and 2760 GeV measurements. It had previously been proposed
that the number of constituent-quark participants provided the nuclear geometry that could explain the RHIC Au+Au
data without the need to introduce a hard-scattering component [7]. However an asymmetric system is necessary in
order to distinguish the NQP model from the AQM so the two models were applied to the RHIC d+Au data.

4. The number of constituent-quark participant model (NQP)

The massive constituent-quarks [19], which form mesons and nucleons (e.g. a proton=uud), are relevant for
static properties and soft physics with pT < 2 GeV/c. They are complex objects or quasiparticles [21] made of the
massless partons (valence quarks, gluons and sea quarks) of DIS [20] such that the valence quarks acquire masses
≈ 1/3 the nucleon mass with radii ≈ 0.3 fm when bound in the nucleon. With smaller resolution one can see
inside the bag to resolve the massless partons which can scatter at large angles according to QCD. At RHIC, hard-
scattering is distinguishable from soft (exponential) particle production only for pT ≥ 2 GeV/c at mid-rapidity, where
Q2 = 2p2

T = 8 (GeV/c)2 which corresponds to a distance scale (resolution) < 0.07 fm.
A standard Monte Carlo Glauber calculation is used to assemble the initial positions of all the nucleons. Then three

quarks are distributed around the center of each nucleon according to the proton charge distribution ρ(~r) ∝ e−
√

12 r/rrms ,
where rrms = 0.81 fm is the rms charge radius of the proton [22]. The q–q inelastic scattering cross section is
adjusted to 9.36 mb at

√
s =200 GeV to give the correct p+p inelastic cross section (42 mb) and then used in the

B+A calculations. Fig. 3a shows the deconvolution of the p+p ET distribution to the sum of 2–6 constituent-quark
participants from which the ET distribution of a constituent-quark is determined and applied to d+Au (Fig. 3b) and

2It was noted in Ref. [16] that hard-scattering was not a unique interpretation. The shape of the centrality dependences of dET
AA/dη parameter-

ized as Npart
α were the same for Pb+Pb at √sNN =17.6 GeV at the CERN SpS and Au+Au at √sNN =130 GeV, with α = 1.1 and α = 1.16 ± 0.04,

respectively. The LHC data 10 years later [17] gave α = 1.19 ± 0.02 for Pb+Pb at √sNN =2760 GeV, again the same shape.
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Au+Au (Fig. 3c) reactions in the same detector. The NQP calculations closely follow the measured d+Au and Au+Au
ET distributions in shape and magnitude over a range of more than 1000 in cross section. A complete calculation was
also done for the AQM which fails to describe the d+Au data (Fig. 3b). The conclusion is that it is the number
of constituent-quark participants that determine the Nch and ET distributions and that the AQM calculation which
describes the α–α data at √sNN =31 GeV (Fig. 1a) is equivalent to the NQP in the symmetric system.
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Figure 3. PHENIX NQP calculations [1] for (a) p+p, (b) d+Au (also AQM), (c) Au+Au ET distributions at √sNN =200 GeV.

The NQP model was also applied to the centrality cut PHENIX data with the result that dET /dη is strictly proportional
to Nqp (Fig 4a) so that dET /dη/(Nqp/2) vs. Nqp is a constant for √sNN

>
∼ 27 GeV (Fig 4b). As a final touch, the ratio

of the two-component ansatz with x = 0.08 to the Nqp as a function of centrality was found to be constant to better
than 1% at √sNN =200 GeV (Fig 4c), which indicates that the ansatz works because the particular linear combination
of Npart and Ncoll turns out to be an empirical proxy for Nqp and not because the Ncoll term implies hard-scattering.
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Figure 4. PHENIX [1]: (a) dET /dη vs. Nqp; (b) dET /dη/(Nqp/2) vs. Nqp; (c) (Nqp/ansatz)/〈Nqp/ansatz〉 vs. Npart.
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