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Mueller: 20 particles in ∆η=5 was far too small to support hydro 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E A R LY  R H I C  D ATA :  E L L I P T I C  F L O W

Many others have discussed the importance of Uli’s work in understanding 
the data, esp.  the work w/ Kolb, Huovinen et al. 

However, amidst the broad agreement in centrality & pT,  
we weren’t picky about the possible disagreements in  

peripheral (no thermalization?) or central (large errors) collisions.

3

Centrality Hit-based Track-based
%σAu+Au < Npart > Number Events %σAu+Au < Npart > Number Events

minimum-bias – 205 34,727 0 − 50 236 5,050,778
central 3 − 15 288 11,221 3 − 15 294 1,439,923

mid-central 15 − 25 199 7,550 15 − 25 202 1,230,394
peripheral 25 − 50 111 10,127 25 − 50 115 3,087,599

TABLE I: Characteristics of the event samples used in the two flow analyses of 200-GeV Au+Au collisions. The systematic
error in ⟨Npart⟩ is approximately ±4 participants.

zero flow, is constructed using an event mixing technique,
where the φtrack of tracks in one event are subtracted
from the Ψ2 of another event.

Normalized ∆φ distributions, dN
d∆φ

!!!
measured

"
dN
d∆φ

!!!
mix

,
and Cres, are determined as a function of vertex position
and for fine centrality bins (∼ 5% of the cross-section per
bin) since the event mixing technique requires similarity
of the class of events examined. The centrality bin
and vertex dependent event plane resolution correction
Cres(centrality, vz) are determined using the sub-event
technique [22] as

Cres(centrality, vz) =
1

√
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#$
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%
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&
ψη<0

2 − ψη>0
2

'() ,

(4)
where ψη<0

2 and ψη>0
2 are the event planes from each

sub-event. The α
√

2 factor converts the single sub-
event resolution correction into a combined sub-event
resolution correction. The α factor is sometimes approx-
imated as unity, but this approximation can break down,
particularly when the event resolution is good. Its exact
form is given in Refs. [22] and [23]. For the resolutions
measured in this data set, 0.95 < α < 1.

After averaging Eq. 3 over vertex positions and cen-
tralities falling into each broad centrality class defined
in Table I, the v2 coefficient is extracted from the fit to
an even-harmonic series. (Including orders higher than
n = 2 in the fit did not effect the extracted v2.) It should
be noted that the resulting v2 is a track weighted result
over the broad centrality classes, since limited statistics
precluded the v2 from being determined for each fine
centrality bin and then event weighted. For further
details on this technique see [23].

Extensive MC simulations have shown that the magni-
tude and shape of the flow signal are correctly reproduced
by this method. No further corrections to the measured
v2 coefficient are necessary, such as potential corrections
due to the density of particles or suppression corrections
due to backgrounds, as required in the hit-based method.

In addition to the sources of systematic errors con-
sidered for the hit-based analysis [11], other studies
performed for the track-based method include analysis
of the effects related to tracking, such as varying cuts
on the distance of closest approach of tracks to the
collision vertex, differences between results obtained from
the two spectrometer arms, momentum resolution, and
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FIG. 2: Elliptic flow (v2(|η| < 1)) as a function of ⟨Npart⟩
determined by the track-based method (closed circles) and
hit-based method (closed triangles) for Au+Au collisions at
200 GeV. The open triangles are the results from Au+Au
collisions at 130 GeV. One sigma statistical errors are shown
as the error bars (within the points for the track-based
method); gray and open boxes show systematic uncertainties
(90% C.L.) for the 200-GeV results from the hit-based
and track-based methods, respectively. The line shows a
calculation from hydrodynamics [24] at

√
sNN = 200 GeV.

dependence on the bending direction. Additionally, con-
tributions due to the vertex dependency of the resolution
corrections, different beam orbit conditions, and errors of
the fit parameters were also accounted for.

Figure 2 shows the centrality dependence of the v2

determined using the straight line track-based method
over a range of 0 < η < 1, allowing a direct comparison
with the same result using the hit-based technique. The
two techniques agree well over the full range of centrality.
The curve in Figure 2 shows a hydrodynamic calculation
for Au+Au collisions at √

sNN = 200 GeV [24]. As seen
for Au+Au collisions at 130 GeV [2] (open triangles),
the 200-GeV results at mid-rapidity are consistent with
expectations from hydrodynamic models. There is no
significant difference between the 130- and 200-GeV data
in either the shape or magnitude of v2 at mid-rapidity as
a function of centrality within the errors.

Using tracks that traverse the full field region of the
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FIG. 3: Elliptic flow as a function of transverse momentum
(v2(pT )) for charged hadrons with 0 < η < 1.5 for the most
central 50% of the 200 GeV Au+Au inelastic cross section.
The one sigma statistical errors are shown as the error bars.
The gray boxes represent the systematic errors (90% C.L.).
The data points are located at the average pT position within
a pT bin whose size is given by the horizontal error bars. The
curve shows a calculation from hydrodynamics [24].

spectrometer, the transverse momentum dependence of
the flow strength v2(pT ) can be measured. This is
shown in Figure 3 for the top 0 − 50% centrality for
tracks averaged over the range 0 < η < 1.5. The curve
shows the prediction of a hydrodynamical model [24]. As
previously observed [2], the v2 rises as pT increases and
at pT above 1.5 GeV/c tends to flatten out well below
the hydrodynamic curve.

In these analyses, the reaction plane is determined
in sub-events that are at different pseudorapidities from
those where the v2 is measured. This should significantly
reduce the contribution of any non-flow effects to the
measured v2, particularly those due to short-range corre-
lations. Comparisons of the v2(pT ) result to the reaction
plane and cumulant methods results from reference [5],
averaged over a similar centrality range, show that our
result is most consistent with the one obtained with the
four particle cumulant method [25], suggesting that our
track-based methodology is indeed largely immune to
non-flow effects over the range |η| < 1.5.

Figure 4 shows v2(η) for three centrality classes as
defined in Table I. Excellent agreement is seen across
all of the centrality classes over the range of overlap
suggesting that our hit-based method is also minimally
affected by non-flow effects around mid-rapidity.

To examine how the shape of the distribution changes
with centrality, the results of the hit-based method and
track-based methods are combined. Although obtained
in the same experiment, the measurements should effec-
tively be considered independent of each other due to
the very different methods and elements of the PHOBOS
detector used; hence the results for each method are
combined with the reasonable assumption that the errors
are uncorrelated. First, the hit-based results that are ap-
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FIG. 4: Elliptic flow as a function of pseudorapidity (v2(η))
for charged hadrons from 200-GeV Au+Au collisions for the
three different centrality classes described in the text, ranging
from peripheral to central (25 − 50%, 15 − 25%, 3 − 15%)
from top to bottom. The triangles are the results from
the hit-based method, and the circles are from the track-
based method. The open circles are the track-based results
reflected about mid-rapidity. One sigma statistical errors are
shown as the error bars (within the points for the track-
based method); the gray and open boxes show the systematic
uncertainties (90% C.L.) for the hit-based and track-based
methods, respectively.

proximately an equal η distance away from mid-rapidity
are combined (e.g. η = −4.87 with η = +5.06), weighted
by their statistical uncertainties. The points at ⟨η⟩ =
−3.05 and ⟨η⟩ = +3.67 are just reflected due to the lack of
symmetry of these points around η = 0. The track-based
results at η = +0.17 and η = +0.46 are also combined
to give v2 at η = +0.31, and similarly for η = +1.05
and η = +1.34, to give a v2 at η = +1.20. The hit-based

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 72, 051901(R) (2005)

Centrality and pseudorapidity dependence of elliptic flow for charged hadrons
in Au+Au collisions at

√
sN N = 200 GeV

B. B. Back,1 M. D. Baker,2 M. Ballintijn,4 D. S. Barton,2 R. R. Betts,6 A. A. Bickley,7 R. Bindel,7 A. Budzanowski,3

W. Busza,4 A. Carroll,2 M. P. Decowski,4 E. Garcı́a,6 N. K. George,1,2 K. Gulbrandsen,4 S. Gushue,2 C. Halliwell,6

J. Hamblen,8 G. A. Heintzelman,2 C. Henderson,4 D. J. Hofman,6 R. S. Hollis,6 R. Hołyński,3 B. Holzman,2 A. Iordanova,6
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This Rapid Communication describes the measurement of elliptic flow for charged particles in Au+Au
collisions at

√
sNN = 200 GeV using the PHOBOS detector at the Relativistic Heavy Ion Collider. The measured

azimuthal anisotropy is presented over a wide range of pseudorapidity for three broad collision centrality classes
for the first time at this energy. Two distinct methods of extracting the flow signal were used to reduce systematic
uncertainties. The elliptic flow falls sharply with increasing |η| at 200 GeV for all the centralities studied, as
observed for minimum-bias collisions at

√
sNN = 130 GeV.

DOI: 10.1103/PhysRevC.72.051901 PACS number(s): 25.75.−q

It is widely accepted that a very dense and possibly new
state of matter is being created in central Au+Au collisions [1]
at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory. The azimuthal anisotropy in the distri-
bution of produced particles (“flow”) is a consequence of the
initial spatial asymmetry of the collision zone and subsequent
rescattering processes, which convert this to a final momentum
anisotropy. Measurements of flow are therefore sensitive
to the system early in the collision and to its dynamical
evolution.

There is an extensive data set on flow results from
RHIC [2–12], but thus far the least understood result is the
pseudorapidity and energy dependence of the elliptic flow,
v2(η), measured over an extended η range [11,12]. Recently,
some theoretical progress has been made by introducing a lon-
gitudinal dependence in the source shape and/or by assuming
incomplete thermalization away from η = 0 [13,14]. In this
Rapid Communications we extend our earlier measurements
by examining the dependence of the v2(η) shape on the
collision centrality. The elliptic flow of charged hadrons has
been studied using data from the PHOBOS detector during the
2001 Au+Au run of RHIC. In addition to the “hit-based”
method previously used in Ref. [11], a new “track-based”
method was developed and employed to improve the accuracy
of the measurement and provide a valuable consistency check
of the hit-based analysis.

The PHOBOS detector consists of silicon pad detectors
arranged in single- and multiple-layer configurations sur-
rounding the interaction region, as described in Ref. [15]. The
two multiple-layer magnetic spectrometer tracking arms are
configured with a field-free region near the interaction vertex
followed by tracking inside the magnet. This leads to two
classes of found tracks with different acceptances. “Straight-
line” tracks cover 0 < η < 1.8 with an azimuthal acceptance of
"φ ≈ 22◦ centered at φ = 0◦ and 180◦. “Curved” tracks cover
0 < η < 1.5 with a variable azimuthal acceptance of "φ ≈
20◦. Details of the tracking procedure are given elsewhere
[16]. The single-layer configuration includes the octagonal
multiplicity detector (OCT) with |η| < 3.2 and six annular
silicon ring multiplicity detectors (RINGS) with 3.0 < |η| <
5.4. The rings and most of the octagon have full azimuthal
coverage except near the middle of the detector (midrapidity
for nominal vertices) where the azimuthal coverage drops by
a factor of 2.

Two sets of scintillating paddle counters were used for
triggering and centrality determination [17–19]. In addition,
an online vertex trigger was employed, using two sets of
Čerenkov detectors. The hit-based method required events
whose collision vertex (vz) was centered at −34 cm away from
the nominal vertex position, along the beam axis [11]. The
vertex trigger enabled a special sample (∼1 × 106 triggers)
of such events to be taken. The track-based method required

0556-2813/2005/72(5)/051901(5)/$23.00 051901-1 ©2005 The American Physical Society



PA R T I C I PA N T  E C C E N T R I C I T Y

Cu+Cu

Fluctuations can significantly deviate from nominal overlap
zone for small numbers of nucleons

Au+Au

Participants trace out overlap zone, but include
1. Fluctuations (finite number per event)
2. Correlations (it takes two to tango...)

(NB: these are snapshots of nucleon configurations, not stable nuclear states!)

Au+Au Cu+Cu
...leads to scaling

PHOBOS QM2006 R. Nouicer

Au+Au 

Cu+Cu

Only by taking the (nucleon sized?)  
local fluctuations seriously 
could we understand both  

Cu+Cu and Au+Au
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FIG. 9: Comparison of ✏

part

{4} from the full MCG (upper set of curves), the mixed-event MCG (lower set of curves) with
the semi-analytical approach, Eq. (B37), and B&O’s approximation (Eq. (13) from Ref. [23]), as well as with the standard
eccentricity as a function of N

part

in Au + Au (left) and Cu + Cu (right) collisions at
p

sNN = 200GeV. The inset shows the
ratio with respect to ✏

part

{4} from the full MCG calculation.

how to obtain the analytical terms in a rigorous fashion.
For ✏

part

{2}, we obtain the same expression as Eq. (12)
in Ref. [23], and prove that the O �

1/N

2

part

�
terms are re-

ally negligible. We also obtain the expansion for ✏

part

{4},
Eq. (B37), where —in contrast to Ref. [23]— all impor-
tant terms have been kept. In particular, for central col-
lisions, when ✏

s

! 0, some terms of O �
1/N

3

part

�
are not

negligible and must be kept.
The values for the ensemble averages over partici-

pant nucleon distributions (like for example
⌦
r

2

↵
or⌦

r

4 cos 2�

↵
) in Eq. (B37) need to be calculated numer-

ically. We calculate each of these averages as a function
of N

part

using the usual (full) PHOBOS MCG code. In-
serting the numerically evaluated values into Eq. (B37),
leads to the “semi-analytic” result discussed below.

Fig. 9 shows the results for ✏

part

{4}, comparing the
full PHOBOS and mixed-event MCG with our semi-
analytical result Eq. (B37), and with B&O’s semi-
analytical approximation (Eq. (13) from Ref. [23] eval-
uated with the full PHOBOS MCG), as well as with
the standard eccentricity ✏

s

. For both collision systems,
our semi-analytical result fully agrees with the mixed-
event MCG calculation. This is consistent with the fact
that correlations among the participants are neglected
in the analytical derivation of Eq. (B37). Furthermore,
it confirms that all numerically important terms have
been kept in Eq. (B37). The full MCG calculation which
includes participant spatial correlations disagrees with
the other calculations that neglect them by almost a fac-
tor of two. Contrary to Ref. [23], we find that, for the
Cu+Cu system, ✏

part

{4} calculated in the semi-analytical
approach does not agree with ✏

s

, in particular for very
peripheral and near-central collisions. More important,
however, is the aforementioned e↵ect of the neglected cor-
relations. For the Au+Au system, ✏

part

{4} is found to be
numerically close to ✏

s

(with deviations of less than 10%)
over a wide range of centralities. Only for very peripheral
and near-central collisions correlations may play an im-

portant role. For the Cu+Cu system, on the other hand,
✏

part

{4} di↵ers from ✏

s

by almost a factor of two over a
wide range of centralities, implying that correlations can
not be neglected for the smaller system.

Fig. 10 shows a comparison of all eccentricity defini-
tions used in the present paper (participant eccentricity
and cumulants, reaction plane and standard eccentric-
ity), obtained from full MCG calculations with baseline
parameters listed in Table I.

As mentioned before, in contrast to the results shown
in Fig. 9, the authors of Ref. [20] find in their work that
✏

part

{4} di↵ers very little from both the standard ec-
centricity ✏

s

and the average reaction plane eccentricity
h✏

RP

i, the latter two being almost equal. Recently, the
authors of Ref. [54] have shown that, within a Gaussian
model of the event-by-event eccentricity fluctuations, the
identity of ✏

part

{4} with h✏
RP

i is exact (see Eq. (9) in [54])
as long as the Gaussian widths for ✏

RP

and for the cor-
relation term ⇢

xy

⌘ 2�

xy

/(�2

x

+ �

2

y

) are equal. We were
able to trace the inequality between ✏

part

{4} and h✏
RP

i
present in our MCG model (see Fig. 10) to a breakdown
of the Gaussian model assumptions made in Ref. [54],
in particular for peripheral collisions and small collision
systems. We find that in the MCG model the event-by-
event fluctuations of the correlation term ⇢

xy

are indeed
Gaussian for mid-central to central Au + Au and most
central Cu+Cu collisions. On the other hand, the event-
by-event fluctuations of ✏

RP

are not well described by
a Gaussian function for all Au + Au and Cu + Cu col-
lisions except the most central ones. Furthermore, for
semiperipheral and peripheral collisions the width of the
✏

RP

distribution does not agree with the width of ⇢

xy

.
Consequently, for all but the most central collisions, our
MCG model results are poorly described by the Bessel-
Gaussian distribution given in Eq. (3) of Ref. [54] on
which the equality of ✏

part

{4} and h✏
RP

i is based.

Fundamental result, 
only truly visible in Cu+Cu 

was that MC Glauber is 
fundamentally different  

than optical: participants 
come in N+N pairs!
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FIG. 6: Participant-eccentricity-scaled elliptic flow versus
transverse charged particle area density at mid-rapidity for
Cu + Cu and Au + Au collisions at

p
sNN = 62.4 andp

sNN = 200 GeV. The horizontal and vertical error bars orig-
inate from the combined statistical and systematic errors of
the data (90% C.L.). The shaded boxes are the result of the
systematic errors assigned to ✏

part

{2} and S by the variation
of the MCG parameters (90% C.L.).

quadrature to obtain total 90% C.L., and b) systematic
errors (90% C.L.) assigned to the MC quantities obtained
by the variation of Glauber parameters with respect to
the individual baseline values (cp. Table II). As reported
earlier [24, 30], we find a common scaling between the dif-
ferent systems. However, within the errors, it is di�cult
to tell whether the almost linear rise of the eccentricity-
scaled elliptic flow breaks down at larger values of the
area density which might indicate that the hydrodynamic
limit is being reached at the top RHIC energy.

C. Cumulants and Correlations

As mentioned above, it is suggested [29] that higher
order cumulant moments of v

2

should be proportional to
analogously defined higher order cumulant moments of
the eccentricity, including:

✏{2}2 ⌘ ⌦
✏

2

↵

✏{4}4 ⌘ 2
⌦
✏

2

↵
2 � ⌦

✏

4

↵
. (8)

In Ref. [23] Bhalerao and Ollitrault (B&O) attempted
to derive expressions for ✏

part

{2} and ✏

part

{4} semi-
analytically, making use of two strong approximations.
First, the paper contains an implicit assumption that
all of the participant positions are independent samples
of some underlying distribution, or at least that any
correlations between participants do not a↵ect the ec-
centricity fluctuations [47]. Second, the expressions in
Ref. [23] were obtained using a Taylor expansion, leading
to a power series in 1/N

part

which is then truncated at
1/N

part

. Based on these approximations, they concluded

FIG. 7: Schematic of densities for the di↵erent approaches:
a) optical limit, b) full MCG with correlated participants orig-
inating from each of the two nuclei in one MCG event and
c) mixed-event MCG with uncorrelated participants where ev-
ery participant originates from an individual nucleon–nucleon
collision obtained in a di↵erent MCG event.

that ✏

part

{4} is numerically equal to the standard eccen-
tricity ✏

s

, vanishing for central (b = 0) collisions. This
would in turn imply that higher order cumulants of the
flow such as v

2

{4} are insensitive to fluctuations in the
participant distribution. In this section we show that
B&O’s assumptions are too strong and that ✏

part

{4} for
Cu + Cu collisions di↵ers significantly from ✏

s

when bet-
ter approximations are made, especially when the role
of correlations is taken into account, e.g. for the usual
PHOBOS MCG calculations.

1. Correlations of Nucleons in the Initial State

The first approximation in Ref. [23] is to ignore the
correlations between nucleon participant positions, even
though we know that there are at least three sources for
such correlations.

First, in order to contribute to the produced matter,
the participating nucleons must hit each other, which
causes a correlation. For instance, in the case of a pe-
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In relativistic heavy-ion collisions, anisotropic collective flow is driven, event by event, by the initial eccentricity
of the matter created in the nuclear overlap zone. Interpretation of the anisotropic flow data thus requires a detailed
understanding of the effective initial source eccentricity of the event sample. In this paper, we investigate various
ways of defining this effective eccentricity using the Monte Carlo Glauber (MCG) approach. In particular, we
examine the participant eccentricity, which quantifies the eccentricity of the initial source shape by the major axes
of the ellipse formed by the interaction points of the participating nucleons. We show that reasonable variation of
the density parameters in the Glauber calculation, as well as variations in how matter production is modeled, do
not significantly modify the already established behavior of the participant eccentricity as a function of collision
centrality. Focusing on event-by-event fluctuations and correlations of the distributions of participating nucleons,
we demonstrate that, depending on the achieved event-plane resolution, fluctuations in the elliptic flow magnitude
v2 lead to most measurements being sensitive to the root-mean-square rather than the mean of the v2 distribution.
Neglecting correlations among participants, we derive analytical expressions for the participant eccentricity
cumulants as a function of the number of participating nucleons, Npart, keeping nonnegligible contributions up
to O(1/N 3

part). We find that the derived expressions yield the same results as obtained from mixed-event MCG
calculations which remove the correlations stemming from the nuclear collision process. Most importantly, we
conclude from the comparison with MCG calculations that the fourth-order participant eccentricity cumulant
does not approach the spatial anisotropy obtained assuming a smooth nuclear matter distribution. In particular,
for the Cu+Cu system, these quantities deviate from each other by almost a factor of 2 over a wide range in
centrality. This deviation reflects the essential role of participant spatial correlations in the interaction of two
nuclei.

DOI: 10.1103/PhysRevC.77.014906 PACS number(s): 25.75.Dw, 25.75.Gz

I. INTRODUCTION

One of the strongest pieces of evidence for the formation
of a thermalized dense state of unconventional strongly in-
teracting matter in ultrarelativistic nucleus-nucleus collisions
at the BNL Relativistic Heavy Ion Collider (RHIC) [1–4]
stems from the strong anisotropic collective flow measured
in noncentral collision events [5–12]. Studies of the final
charged particle momentum distributions have revealed strong
collective effects in the form of anisotropies in the azimuthal
distribution transverse to the direction of the colliding nuclei,
and theory holds that their anisotropy around the beam axis in
noncentral collisions is established during the earliest stages
of the evolution of the collision fireball [13–16]. The main
component of this anisotropy is called “elliptic flow” and its
strength is commonly quantified by the second coefficient,

v2, in the Fourier decomposition of the azimuthal momentum
distribution of observed particles relative to the reaction plane
[17].

By now there exists an extensive data set of elliptic flow
measurements in Au+Au collisions at RHIC as a function of
center-of-mass energy, centrality, pseudorapidity, and trans-
verse momentum [5–12]. The magnitude of the observed
flow anisotropy is found to be strongly correlated with the
anisotropic shape of the initial nuclear overlap region. This is
expected if interactions among the initially produced particles
are very strong, leading to anisotropic pressure gradients,
which transform the initial spatial eccentricity into a final
momentum anisotropy [18].

Quantitatively, the connection between initial spatial and
final momentum anisotropy is explored by hydrodynamic
calculations that, for a given equation of state, relate a given

0556-2813/2008/77(1)/014906(16) 014906-1 ©2008 The American Physical Society



H O W  S M A L L  I S  S M A L L ?

Cu+Cu

Fluctuations can significantly deviate from nominal overlap
zone for small numbers of nucleons

If we accept the reality of thermalization in hot spots, 
what about even smaller systems?
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parameterizations. The black curve is an empirical fit to the ISR º, K, and p data

in p+p collisions and the band is a blastwave fit using º, K, and p in STAR for

Au+Au collisions [72, 73]. The empirical parametrization for the ISR data at
p

s =

25 GeV in p+p collisions, can describe the behavior of the lower mass particles, such

as º, K, and p, despite the fact that our collision energy is one order of magnitude

higher. However, this empirical parametrization does not reproduce the behavior of

the higher mass particles in p+p collisions. Similarly, the blastwave parametrization

which can describe the lower mass particles (ª 98% of all the particles observed) in

Au+Au collisions, fails to explain the behavior of higher mass particles.
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and p for

p
s

NN

= 25 GeV p+p collisions. The yellow band is the blastwave fit using
º, K, and p for the central Au+Au collisions.

The heavy particles in p+p and Au+Au collisions show a similar magnitude of

hp
T

i. It is expected that resonances with higher transverse momentum are more likely

to be reconstructed because of their longer relative lifetimes due to their relativistic

velocities. This means they are more likely to decay outside the medium and hence

their daughter particles will interact less with the medium in Au+Au collisions. Any
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Old data (2003) but illustrative: 
is pp qualitatively or quantitatively different? 

Generally, we used different explanations  
(e.g. string breaking) to describe similar phenomena

S. Salur, PhD thesis
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Comparisons of multiplicities (A+A to e+e-): 
does rapid thermalization explain total multiplicities? 

The question of Bjorken scaling 
(& the “birth” and “death” and “rebirth”  

of Landau’s initial conditions) 
The differences between these definitions are significant
for thick shocks but become small for thin shocks. We will

also consider another hydrodynamization time tPhyd defined

by the criterion j!P loc
L j=P loc

L ! 0:2. One advantage

of thyd over tPhyd is that Eloc is always nonzero, whereas

P loc
L may vanish.
A dynamical crossover.—Figure 1 shows the energy

density and the pressures for thick- and thin-shock colli-
sions. In the case of E and P L one can see the incoming
shocks at the back of the plots, the collision region in the
center, and the receding maxima at the front. The incoming
shocks are absent in the case of P T , as expected. A
simultaneous rescaling of ! and w that keeps !w fixed
would change the overall scales on the axes of these figures
but would leave the physics unchanged.

The thick shocks illustrate the full-stopping scenario. As
the shocks start to interact the energy density gets com-
pressed and ‘‘piles up,’’ comes to an almost complete stop,
and subsequently explodes hydrodynamically. Indeed, at
the time !tmax ’ 0:58 at which the energy density reaches
its maximum in the top-left plot of Fig. 1, the energy

density profile is very approximately a rescaled version
of one of the incoming Gaussians, with about 3 times its
height (see Table I) and 2=3 its width. At this time, 90%
of the energy is contained in a region of size !z ’ 2:4w
in which the flow velocity is everywhere jvj & 0:1.
Similarly, the energy flux in this region is less than 10%
of the maximum incoming flux, as illustrated by Fig. 2
(left). At late times, the velocity of the receding shocks
can be read off from the same figure as the inverse slope
of the dotted line. This is not constant in time, but at late
times it reaches a maximum of about v ’ 0:88. The
validity of the hydrodynamic description can be seen in
Fig. 3 (left) and Fig. 4 (top row). Hydrodynamics
becomes applicable even earlier than tmax, and the region
where it is applicable extends from z ¼ 0 to the location
of the receding maxima. This is intuitive since gradients
become smaller as w increases. We conclude that the
thick-shock collision results in hydrodynamic expansion
with initial conditions in which all the velocities are close
to zero. This is in close similarity with the Landau model
[7], which seems to reproduce some aspects of RHIC
collisions [8].

FIG. 1 (color online). Energy and pressures for collisions of thick (top row) and thin (bottom row) shocks. The gray planes lie at the
origin of the vertical axes.

TABLE I. Numerical values of several quantities of interest.

!w=
!wCY !w "w !tmax Emax=!

4 Emin=!
4 !thyd "thyd thyd=w !tmax

hyd !t2whyd !tPhyd Thyd=! Thyd=" Thydw thydThyd tPhydThyd

ðP T=
P LÞjthyd

ðP T=
P LÞjtPhyd

2 1.28 1.89 0.58 2.9 0 %0:053%0:078 %0:041%0:63 2.5 0.34 0.44 0.30 0.56 %0:02 0.15 0.54 0.70
1 0.64 0.75 0.13 2.3 0 1.2 1.5 2.0 1.1 2.5 1.6 0.36 0.31 0.23 0.45 0.58 3.2 3.1
1=2 0.32 0.30 0.03 2.0 0 1.1 1.0 3.4 1.0 1.7 2.1 0.29 0.31 0.093 0.32 0.61 6.2 3.4
1=4 0.16 0.12 0 2.0 0 1.2 0.88 7.5 1.2 1.5 2.2 0.22 0.30 0.035 0.27 0.48 12 4.3
3=16 0.12 0.08 0 2.0 %0:01 1.3 0.88 11. 1.3 1.6 2.4 0.20 0.30 0.024 0.27 0.49 11 4.9
1=8 0.08 0.05 0 2.0 %0:1 1.5 0.87 19. 1.5 1.7 2.4 0.17 0.30 0.014 0.26 0.42 15 4.6

PRL 111, 181601 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

1 NOVEMBER 2013

181601-2
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Comparisons of multiplicities (A+A to e+e-): 
does rapid thermalization explain total multiplicities? 

The question of Bjorken scaling 
(& the “birth” and “death” and “rebirth”  

of Landau’s initial conditions) 

Happy birthday, Uli! :)
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of thyd over tPhyd is that Eloc is always nonzero, whereas

P loc
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shocks at the back of the plots, the collision region in the
center, and the receding maxima at the front. The incoming
shocks are absent in the case of P T , as expected. A
simultaneous rescaling of ! and w that keeps !w fixed
would change the overall scales on the axes of these figures
but would leave the physics unchanged.

The thick shocks illustrate the full-stopping scenario. As
the shocks start to interact the energy density gets com-
pressed and ‘‘piles up,’’ comes to an almost complete stop,
and subsequently explodes hydrodynamically. Indeed, at
the time !tmax ’ 0:58 at which the energy density reaches
its maximum in the top-left plot of Fig. 1, the energy
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of one of the incoming Gaussians, with about 3 times its
height (see Table I) and 2=3 its width. At this time, 90%
of the energy is contained in a region of size !z ’ 2:4w
in which the flow velocity is everywhere jvj & 0:1.
Similarly, the energy flux in this region is less than 10%
of the maximum incoming flux, as illustrated by Fig. 2
(left). At late times, the velocity of the receding shocks
can be read off from the same figure as the inverse slope
of the dotted line. This is not constant in time, but at late
times it reaches a maximum of about v ’ 0:88. The
validity of the hydrodynamic description can be seen in
Fig. 3 (left) and Fig. 4 (top row). Hydrodynamics
becomes applicable even earlier than tmax, and the region
where it is applicable extends from z ¼ 0 to the location
of the receding maxima. This is intuitive since gradients
become smaller as w increases. We conclude that the
thick-shock collision results in hydrodynamic expansion
with initial conditions in which all the velocities are close
to zero. This is in close similarity with the Landau model
[7], which seems to reproduce some aspects of RHIC
collisions [8].

FIG. 1 (color online). Energy and pressures for collisions of thick (top row) and thin (bottom row) shocks. The gray planes lie at the
origin of the vertical axes.
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As a community, we have established collective behavior in Pb+Pb,  
what about smaller systems?
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For “peripheral” p+p & p+Pb, no long range behavior at ∆ɸ=0

As a community, we have established collective behavior in Pb+Pb,  
what about smaller systems?
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Increase the multiplicity, and a “ridge” clearly appears!

As a community, we have established collective behavior in Pb+Pb,  
what about smaller systems?



“ E X C AVAT I N G ”  T H E  R I D G E

Does the ridge really disappear at low multiplicities? 
(as CMS reported in 2010)

PRL 116, 172301 (2016) 
ATLAS-CONF-2016-025
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Figure 4: Template fits to the per-trigger particle yields Y(��), in 13 TeV (left panels) and in 5.02 TeV pp collisions
(right panels) for charged particle pairs with 0.5<p

a,b
T <5 GeV and 2<|�⌘|<5. The template fitting includes 2nd, 3rd

and 4th order harmonics. From top to bottom, each panel represents a di↵erent N

rec
ch range. The solid points indicate

the measured Y(��), the open points and curves show di↵erent components of the template (see legend) that are
shifted along the y-axis, where necessary, for clarity.

intervals. Several prior pp ridge measurements rely on the ZYAM method [70, 71] to extract yields on the
near-side [14, 15]. In these analyses, the yield of excess pairs in the ridge above the minimum of the Y(��)
distribution is considered to be the strength of the ridge. Figure 4 shows that such a procedure would give
zero yields in low and intermediate multiplicity collisions where the minimum of Y(��) occurs at ��⇠0.
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In high multiplicity events, the ZYAM-based yields, while non-zero, are still underestimated.
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intervals. Several prior pp ridge measurements rely on the ZYAM method [70, 71] to extract yields on the
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distribution is considered to be the strength of the ridge. Figure 4 shows that such a procedure would give
zero yields in low and intermediate multiplicity collisions where the minimum of Y(��) occurs at ��⇠0.
In high multiplicity events, the ZYAM-based yields, while non-zero, are still underestimated.

Figure 5 shows the template fits to the p+Pb data in a format similar to Fig. 4. The template fits describe
the data well across the entire N
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intervals. Several prior pp ridge measurements rely on the ZYAM method [70, 71] to extract yields on the
near-side [14, 15]. In these analyses, the yield of excess pairs in the ridge above the minimum of the Y(��)
distribution is considered to be the strength of the ridge. Figure 4 shows that such a procedure would give
zero yields in low and intermediate multiplicity collisions where the minimum of Y(��) occurs at ��⇠0.
In high multiplicity events, the ZYAM-based yields, while non-zero, are still underestimated.

Figure 5 shows the template fits to the p+Pb data in a format similar to Fig. 4. The template fits describe
the data well across the entire N
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obtained from the template fitting procedure in the 13 TeV pp, 5.02 TeV pp, and
5.02 TeV p+Pb data, as a function of N
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3 and 4. The error bars and shaded bands indicate statistical and systematic uncertainties, respectively.
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Sinusoidal term in pp underlying event persists to lower multiplicities! 
Are all pp collisions “collective” at some level? 

v2 v3

New questions: what is the “shape” of a proton? 
Does it fluctuate event to event?

examples from Schenke, 
arXiv:1603.04349

PRL 116, 172301 (2016) 
ATLAS-CONF-2016-025
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Pb+Pbpp

Intriguing prospect: Pb+Pb may provide  
a new perspective on the pp underlying event.
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Strong EM fields, highly contracted: quasi-real photons
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Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-

Photon-pomeron:  
production of vector mesons  
(sensitivity to nPDF)

Photo-nuclear:  
jet photoproduction  
(probe nPDF directly)

Photon-photon:  
dilepton production  
(& other exclusive states)

First Run 2 result  
from ATLAS
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Fig. 1. Lowest order Feynman diagram for/a-pair production. 

(a) (b) 
Fig. 2. Feynman diagrams which interfere with the lowest order one to pr~duce an angular asym- 
merry. 

Fig. 3. Brcmsxtr,ddung di:lgralus producing muons in a C-odd state. 

Fig. 4. Bremsstrahlung diagranls producing nlu()ns in a C-even state. 

(fig. ! ) and tile two-photon graphs (fig. 2) cont r ibu te  to D to order or 3, as far as tile 
virtual radiative correct ions are concerned.  Similarly,  for tire bremsstrahlung contri- 
bu t ion ,  only the interference between tile C-odd n luon  graphs of  fig. 3 and the C- 
even muon  graphs of fig. 4 has to be computed ,  in sect. 2 we present the complete  
analytic calculation of  the interference of  the two box graphs with tire lowest order 
matrix element .  This evaluation is valid for all energies and scattering angles, in con- 
trast to some recent approxim:tte calculations [ 3 - 5 ] .  
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rays. Wi th in  our  stat ist ics no f o r w a r d - b a c k w a r d  
a s y m m e t r y  was observed  at  a level of  1 ~ .  

(2) Poo r  m o m e n t u m  measu remen t  or  a twist of 
the centra l  drift  chamb e r  could  lead to a wrong 
charge  ass ignment  for bo th  t racks  s imul taneously .  
To cont ro l  this effect we s tudied  the cor re la t ions  of 
the charge weighted rec iproca l  m o m e n t a  of  forward  
versus b a c k w a r d  going muons  [5]. The d i s t r ibu t ion  
of 2690# pairs  shown in Fig. 6 conta ins  7 # + #  + and 
10# # pairs.  This leads to a charge confusion 
p robab i l i t y  of  (0.3 _+ 0.1) ~ per  t rack.  F r o m  the den- 
sity a r o u n d  the or igin the cor re la ted  charge  flip 
p robab i l i t y  was es t imated  to be less than  10 -5  . This 
implies  that  the curva ture  measu remen t s  of the two 
t racks  are independen t  from each other. These num- 
bers  are  also consis tent  with those der ived f rom the 
m o m e n t u m  reso lu t ion  ap/p=O.O16.pt (p in GeV/c).  

Acceptance Calculations 

The accep tance  funct ions used to correct  the mea-  
sured angu la r  d i s t r ibu t ions  were ca lcu la ted  by M o n -  
te Car lo  using the event genera tors  of Berends et 
al. [16]. Elec t rons  were s imula ted  with the EGS 
code  [17] and  good  agreement  with the da t a  was 
obta ined.  We es t imate  the overal l  uncer ta in ty  due to 
shower  cor rec t ions  in the b in - to -b in  po la r  angle  ac- 
ceptance  to be less than  1~o. M u o n  t racks  were 
p ro jec ted  into the m u o n  chambers  and  l iquid a rgon  
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Fig.7. The observed acollinearity distribution for the reaction 
e + e---*#+ # . The histogram shows the QED prediction includ- 
ing radiative corrections up to order c~ 3 

ca lo r ime te r  t ak ing  all de tec to r  effects into account .  
The  accep tance  is a rap id ly  vary ing  funct ion in the 
po la r  angle  range 0 .5<1cos  01<0.8. Different  pro-  
cedures for ca lcula t ing the accep tance  were used;  
they p roduce  a m a x i m u m  change in the a s y m m e t r y  
of  + 0 . 4 ~ .  Higher  o rde r  Q E D  processes  induce 
angu la r  asymmet r ies  which are dependen t  on the 
exper imenta l  select ion criteria.  Rad ia t ive  cor rec t ions  
up to o rde r  ~3 were ca lcu la ted  as descr ibed  in the 
text  and  were found to agree well with the experi-  
menta l  data.  As an example  we show in Fig. 7 the # 
pa i r  aco l l inear i ty  d is t r ibut ion .  

Cross Section Formula 

The cross sect ions were eva lua ted  using the fo rmula  
of  [18] for the e lec t roweak  in te rac t ion  and  ex tended  
by the au thors  of [13] for compos i t e  models .  F o r  
Bhabha  scat ter ing with unpo la r i zed  beams  the cross 
sect ion can be wr i t ten  in the fol lowing form 

do- 0~ 2 
d f 2 - 8 s  {4BI+B2(1-c~176 (A1) 

with 
_~ ~RL" t 2 B l = \ t  ]{S~ 2 l + ( g ~ _ g 2 ) ~  ~ A  2 ' 

1 + "  2 2", _[_ qRL " SI 2 
B e =  [gv--gA) Z 

B 3 =  1 
+z)+VA  

+ ~ 2  , 

G v  9 M 2 s 
Z=21/2rco "s_  M2 + i M z  r ' 

= G r  9 M 2 t 
2 1 ~  t-m~z+iMz r 
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STARLIGHT calculations only include pure µ+µ-, w/ no final state QED. 
Clearly required in e+e- → µ+µ- , e.g. from DESY. 

Not easily available in existing MC codes: exploring several avenues
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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heavy ion collisions (UPCs) at the LHC. UPCs are in-
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Thanks, Uli (from me, and ATLAS)
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a little 
wide…

Clearly no large DCCs running in the streets. 
But the fluctuations were wider than MC
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a 

In 1999, I worked up a formalism based on  Urs’ multi particle BEC weights to quantify  
non-binomial fluctuations as a function of phase space density.  

It was very exciting for me (I was 29) to “explain” DCCs using BEC… 

until Uli discovered a bug, and Urs retracted his paper :(  
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charged particles ⟨Nch⟩ as a function of Npart for Au+Au
collisions at

√
sNN = 19.6, 130, and 200 GeV, where

√
sNN

is the nucleon-nucleon center-of-mass energy. Comparisons
with pp/pp and e+e− data are made to investigate how these
possibly different mechanisms of particle production apply in
the context of heavy ion collisions.

The PHOBOS multiplicity detector consists of two arrays of
silicon detectors which cover nearly the full solid angle for col-
lision events. The “octagon” detector surrounds the interaction
region with a roughly cylindrical geometry covering |η| < 3.2.
Two sets of three “ring” detectors are placed far forward and
backward of the interaction point and surround the beam pipe,
covering 3 < |η| < 5.4. The methods used for measuring the
multiplicity of charged particles as well as for determining
⟨Npart⟩ have been described in more detail in Refs. [5,6].

In principle, one could present the total number of particles
only measured in the fiducial acceptance of the detector (|η| <
5.4). However, it has already been noticed that the centrality
evolution of dNch/dη in Au+Au collisions is not just a change
in yield, but a change in shape, with the pseudorapidity shape in
peripheral collisions being somewhat wider than that observed
in central collisions [7]. Thus, it is necessary to correct for the
unmeasured yield in a centrality-dependent manner.

Using the data presented in Ref. [6], Fig. 1(a) shows
dNch/dη/⟨Npart/2⟩ averaged over the forward and backward
hemispheres for the 3% most central Au+Au events at√

sNN = 200 GeV. The systematic errors (representing a
90% C. L. interval) depend on η and are shown on the
figure as a shaded band. To correct for the acceptance loss,
we used several methods inspired by the observed “limiting
fragmentation” seen in the lower energy PHOBOS data relative
to the higher energy data when shown as a function of η′ =
η − ybeam [6]. PHOBOS data from

√
sNN = 19.6 GeV for
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FIG. 1. (a) dNch/dη/⟨Npart/2⟩ of charged particles produced in
central Au+Au collisions at

√
sNN = 200 and 19.6 GeV (shifted by

"η = 2.32), compared with elementary systems. A fit to the 200 GeV
Au+Au data is shown. The e+e− data are plotted as a function of
yT , the rapidity relative to the thrust axis, always assuming the pion
mass. (b) PHOBOS and UA5 data divided by a Woods-Saxon-like fit
to the 200 GeV Au+Au data.

η > 2.5, shifted by "η = y200 − y19.6 = 2.32 (the difference
in beam rapidities between the two energies), displays the
limiting fragmentation behavior [6]. This effectively extends
the rapidity coverage to η ∼ 8. A Woods-Saxon-like function
for dN/dη [8] fit to the Au+Au data also provides a reasonable
description of the dN/dη distribution and extrapolates through
the lower energy central data as well. Thus, in one method, we
integrate dNch/dη for

√
sNN = 130 and 200 GeV for η′ < 0

and use the PHOBOS data at
√

sNN = 19.6 GeV for η′ > 0. We
also integrate the Woods-Saxon-like fits, similar to that shown
in Fig. 1(a), for |η| < 8. These two approaches agree within
2% for central events, but differ up to 8% in more peripheral
events, where one expects spectator-related effects in the far
forward region, so we average the two results to achieve the
final estimate of the total charged-particle multiplicity. For the
lowest RHIC energy, we simply integrate the charged particles
in the PHOBOS acceptance and average this with the integral
of the functional fits, which differ by up to 15% in the most
peripheral data considered here.

In Fig. 2, ⟨Nch⟩/⟨Npart/2⟩ is shown for PHOBOS data
at three RHIC energies as a function of Npart. The 90%
C. L. systematic error on the centrality dependence of
⟨Nch⟩/⟨Npart/2⟩ is shown as a shaded band and represents a
combination of several factors, dominated by the uncertainty
of the extrapolation procedure to extract Nch over the full solid
angle. This figure shows that the heavy ion data are consistent
with wounded nucleon scaling over the measured centrality
range, since the multiplicity is proportional to Npart (Nch ∝
Npart). This constancy of ⟨Nch⟩/⟨Npart/2⟩ is a striking feature
in view of the various particle production mechanisms (e.g., jet
fragmentation, quark recombination, statistical hadronization)
expected to be relevant in heavy ion collisions.

In proton-nucleus data at lower energies, one also observes
that the total multiplicity scales linearly with Npart, propor-
tional to the multiplicity measured in pp collisions at the
same center-of-mass energy [1]. Nonsingle diffractive (NSD)
proton-antiproton data exist at 200 GeV, but neither inelastic
nor NSD data exist for the other two RHIC energies. For
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√

sNN = 19.6, 130, and
200 GeV (closed symbols). Error includes contributions from the
uncertainty on the overall Nch scale and Npart scale. Shaded band
shows the uncertainty on the extrapolation procedure as a 90% C. L.
interval. Open symbols show UA5 data at 200 GeV and results from
an interpolation of NSD data at other energies. Dotted lines show the
values from the e+e− fit.
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charged particles ⟨Nch⟩ as a function of Npart for Au+Au
collisions at

√
sNN = 19.6, 130, and 200 GeV, where

√
sNN

is the nucleon-nucleon center-of-mass energy. Comparisons
with pp/pp and e+e− data are made to investigate how these
possibly different mechanisms of particle production apply in
the context of heavy ion collisions.

The PHOBOS multiplicity detector consists of two arrays of
silicon detectors which cover nearly the full solid angle for col-
lision events. The “octagon” detector surrounds the interaction
region with a roughly cylindrical geometry covering |η| < 3.2.
Two sets of three “ring” detectors are placed far forward and
backward of the interaction point and surround the beam pipe,
covering 3 < |η| < 5.4. The methods used for measuring the
multiplicity of charged particles as well as for determining
⟨Npart⟩ have been described in more detail in Refs. [5,6].

In principle, one could present the total number of particles
only measured in the fiducial acceptance of the detector (|η| <
5.4). However, it has already been noticed that the centrality
evolution of dNch/dη in Au+Au collisions is not just a change
in yield, but a change in shape, with the pseudorapidity shape in
peripheral collisions being somewhat wider than that observed
in central collisions [7]. Thus, it is necessary to correct for the
unmeasured yield in a centrality-dependent manner.

Using the data presented in Ref. [6], Fig. 1(a) shows
dNch/dη/⟨Npart/2⟩ averaged over the forward and backward
hemispheres for the 3% most central Au+Au events at√

sNN = 200 GeV. The systematic errors (representing a
90% C. L. interval) depend on η and are shown on the
figure as a shaded band. To correct for the acceptance loss,
we used several methods inspired by the observed “limiting
fragmentation” seen in the lower energy PHOBOS data relative
to the higher energy data when shown as a function of η′ =
η − ybeam [6]. PHOBOS data from

√
sNN = 19.6 GeV for
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FIG. 1. (a) dNch/dη/⟨Npart/2⟩ of charged particles produced in
central Au+Au collisions at

√
sNN = 200 and 19.6 GeV (shifted by

"η = 2.32), compared with elementary systems. A fit to the 200 GeV
Au+Au data is shown. The e+e− data are plotted as a function of
yT , the rapidity relative to the thrust axis, always assuming the pion
mass. (b) PHOBOS and UA5 data divided by a Woods-Saxon-like fit
to the 200 GeV Au+Au data.

η > 2.5, shifted by "η = y200 − y19.6 = 2.32 (the difference
in beam rapidities between the two energies), displays the
limiting fragmentation behavior [6]. This effectively extends
the rapidity coverage to η ∼ 8. A Woods-Saxon-like function
for dN/dη [8] fit to the Au+Au data also provides a reasonable
description of the dN/dη distribution and extrapolates through
the lower energy central data as well. Thus, in one method, we
integrate dNch/dη for

√
sNN = 130 and 200 GeV for η′ < 0

and use the PHOBOS data at
√

sNN = 19.6 GeV for η′ > 0. We
also integrate the Woods-Saxon-like fits, similar to that shown
in Fig. 1(a), for |η| < 8. These two approaches agree within
2% for central events, but differ up to 8% in more peripheral
events, where one expects spectator-related effects in the far
forward region, so we average the two results to achieve the
final estimate of the total charged-particle multiplicity. For the
lowest RHIC energy, we simply integrate the charged particles
in the PHOBOS acceptance and average this with the integral
of the functional fits, which differ by up to 15% in the most
peripheral data considered here.

In Fig. 2, ⟨Nch⟩/⟨Npart/2⟩ is shown for PHOBOS data
at three RHIC energies as a function of Npart. The 90%
C. L. systematic error on the centrality dependence of
⟨Nch⟩/⟨Npart/2⟩ is shown as a shaded band and represents a
combination of several factors, dominated by the uncertainty
of the extrapolation procedure to extract Nch over the full solid
angle. This figure shows that the heavy ion data are consistent
with wounded nucleon scaling over the measured centrality
range, since the multiplicity is proportional to Npart (Nch ∝
Npart). This constancy of ⟨Nch⟩/⟨Npart/2⟩ is a striking feature
in view of the various particle production mechanisms (e.g., jet
fragmentation, quark recombination, statistical hadronization)
expected to be relevant in heavy ion collisions.

In proton-nucleus data at lower energies, one also observes
that the total multiplicity scales linearly with Npart, propor-
tional to the multiplicity measured in pp collisions at the
same center-of-mass energy [1]. Nonsingle diffractive (NSD)
proton-antiproton data exist at 200 GeV, but neither inelastic
nor NSD data exist for the other two RHIC energies. For
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energies where no data exist, we use parametrizations of pp
data from Ref. [9], ⟨Nch⟩ = −4.2 + 4.69s0.155 for inelastic,
and ⟨Nch⟩ = −7.5 + 7.6s0.124 for nonsingle diffractive colli-
sions.

In A+A collisions, Nch clearly scales linearly with Npart,
but not proportionally to the multiplicity measured in pp
collisions at the same energy, as was observed in proton-
nucleus collisions at different beam energies. Rather, it scales
with a value that is about 40% higher than in pp. To understand
this difference, it is useful to compare the total multiplicity
produced in other strongly interacting systems, including the
final state in e+e− annihilations to hadrons. In Fig. 2, the total
multiplicity in e+e− annihilations, derived from a fit detailed
below, are depicted by dotted lines. One can see that the
constant of proportionality for Nch ∝ Npart/2 is approximately
the multiplicity measured in the e+e− reactions.

To make sure these comparisons are justified over the full
phase space, we compare the longitudinal distributions in
Au+Au, pp/pp, and e+e− data. We use only central Au+Au
data for the remaining comparisons since they represent the
least amount of residual spectator matter that may contaminate
the dN/dy distribution at very forward pseudorapidities.

In Fig. 1(a), the 3% most central Au+Au data are compared
with dNch/dη for NSD pp collisions [10] and dN/dyT for
e+e− collisions (with cuts applied to reject large initial-state
photon radiation) [11] at

√
s = 200 GeV. The variable yT is the

rapidity of charged particles relative to the event thrust axis,
assuming the pion mass for all particles. JETSET calculations
indicate that the yT distribution is slightly narrower than the
corresponding pseudorapidity distribution in e+e− collisions,
with a difference in particle density of less than ±10% for
|η| and |yT | < 4 [4]. The same calculations also show that the
choice in kinematic variables does not explain the difference
in the forward region (above |η| = 4), although this may not be
surprising, as this region may well show some residual effect
of the presence of participating nucleons.

It is observed that Au+Au, pp, and e+e− data are similar
in shape at the same

√
s, and that Au+Au and e+e− data also

agree in magnitude. The agreement in shape of Au+Au and
pp data over a large range in η is shown in Fig. 1(b).

Because of the weak (constant within errors) centrality de-
pendence established in A+A collisions, one can compare the
total multiplicity as a function of

√
sNN without consideration

of the centrality dependence. In Fig. 3(a), data on ⟨Nch⟩ from
pp, pp, e+e−, and central heavy ion collisions (scaled by
⟨Npart/2⟩) are compared over a wide range of

√
s and

√
sNN .

The data and systematic errors for the total multiplicity in
pp, pp, and e+e− are available from Ref. [12], and no further
corrections are applied. The errors shown are the quadratically
combined statistical and systematic errors. Heavy ion data are
shown for central Au+Au events at RHIC (this work), Au+Au
events from E895 at the Alternating Gradient Synchrotron
(AGS) (

√
sNN = 2.6 – 4.3 GeV) [13] and Pb+Pb events from

NA49 at the CERN Super Proton Synchrotron (SPS) (
√

sNN =
8.6, 12.2, and 17.3 GeV) [14]. A PHOBOS Au+Au data point
at

√
sNN = 56 GeV has been added by using the measured

value at midrapidity [15] and the limiting fragmentation
distribution described in Ref. [6] to approximate the shape
of the full distribution. Finally, data points using PHOBOS
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FIG. 3. (a) Total charged multiplicity ⟨Nch⟩ for pp, pp, e+e−,
d+Au, and central Au+Au events as a function of

√
s. pp data

are inelastic, while pp data are NSD. Au+Au data are normalized
by Npart/2. Dotted line is a QCD expression fit to the e+e− data.
Diamonds are the pp/pp data with

√
seff =

√
s/2. Open and closed

stars are for minimum-bias d+Au data at
√

s = 200 GeV and
√

seff =
100 GeV. (b) Data in (a) divided by the e+e− fit, to allow direct
comparison of different data at the same

√
s.

d+Au data at
√

sNN = 200 GeV [16] are also shown, and they
compare well with the UA5 pp results at the same energy. All
errors shown for the heavy ion data are systematic.

Perturbative QCD calculations are able to predict the
dependence of the total multiplicity in e+e− collisions as
a function of

√
s,Ne+e− (s) = Cαs(s)A exp[

√
B/αs(s)], with

A = 0.427 and B = 2.88 fully calculable within pQCD [17]
and αs(s) ∝ ln(s/#2

QCD). The QCD scale #QCD is set to
225 MeV, leaving only a constant of proportionality C free
to fit to the experimental data. A fit to the e+e− data has been
made with the expression (“e+e− Fit”) and has been used in
Fig. 3(b) to scale all of the data by this function. Values from
this function are shown in Fig. 2 for

√
s = 19.6 and 130 GeV,

where measurements for e+e− do not exist.
Figure 3(b) shows that the pp/pp data are about 30% below

e+e− over the full range of energies. However, rescaling the
√

s
of each point by a factor of 1/2,

√
seff =

√
s/2, brings the data

into reasonable agreement with the e+e− trend, as shown by the
open diamonds. This is consistent with measurements of lead-
ing protons in pp collisions, which find dN/dxF (where xF =
2pz/

√
s in the collider reference frame) to be approximately

constant for nondiffractive events over a large range of
√

s [18],
and thus ⟨xF ⟩ ∼ 1/2. This phenomenon is well known as
the “leading particle” effect when comparing pp/pp and
e+e− total multiplicities. Basile et al. [19] found that the
average multiplicity ⟨Nch⟩ in pp collisions is similar to that
for e+e− collisions with

√
se+e− = √

seff , where
√

seff is the
pp center-of-mass energy minus the energy of the leading
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charged particles ⟨Nch⟩ as a function of Npart for Au+Au
collisions at

√
sNN = 19.6, 130, and 200 GeV, where

√
sNN

is the nucleon-nucleon center-of-mass energy. Comparisons
with pp/pp and e+e− data are made to investigate how these
possibly different mechanisms of particle production apply in
the context of heavy ion collisions.

The PHOBOS multiplicity detector consists of two arrays of
silicon detectors which cover nearly the full solid angle for col-
lision events. The “octagon” detector surrounds the interaction
region with a roughly cylindrical geometry covering |η| < 3.2.
Two sets of three “ring” detectors are placed far forward and
backward of the interaction point and surround the beam pipe,
covering 3 < |η| < 5.4. The methods used for measuring the
multiplicity of charged particles as well as for determining
⟨Npart⟩ have been described in more detail in Refs. [5,6].

In principle, one could present the total number of particles
only measured in the fiducial acceptance of the detector (|η| <
5.4). However, it has already been noticed that the centrality
evolution of dNch/dη in Au+Au collisions is not just a change
in yield, but a change in shape, with the pseudorapidity shape in
peripheral collisions being somewhat wider than that observed
in central collisions [7]. Thus, it is necessary to correct for the
unmeasured yield in a centrality-dependent manner.

Using the data presented in Ref. [6], Fig. 1(a) shows
dNch/dη/⟨Npart/2⟩ averaged over the forward and backward
hemispheres for the 3% most central Au+Au events at√

sNN = 200 GeV. The systematic errors (representing a
90% C. L. interval) depend on η and are shown on the
figure as a shaded band. To correct for the acceptance loss,
we used several methods inspired by the observed “limiting
fragmentation” seen in the lower energy PHOBOS data relative
to the higher energy data when shown as a function of η′ =
η − ybeam [6]. PHOBOS data from

√
sNN = 19.6 GeV for
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FIG. 1. (a) dNch/dη/⟨Npart/2⟩ of charged particles produced in
central Au+Au collisions at

√
sNN = 200 and 19.6 GeV (shifted by

"η = 2.32), compared with elementary systems. A fit to the 200 GeV
Au+Au data is shown. The e+e− data are plotted as a function of
yT , the rapidity relative to the thrust axis, always assuming the pion
mass. (b) PHOBOS and UA5 data divided by a Woods-Saxon-like fit
to the 200 GeV Au+Au data.

η > 2.5, shifted by "η = y200 − y19.6 = 2.32 (the difference
in beam rapidities between the two energies), displays the
limiting fragmentation behavior [6]. This effectively extends
the rapidity coverage to η ∼ 8. A Woods-Saxon-like function
for dN/dη [8] fit to the Au+Au data also provides a reasonable
description of the dN/dη distribution and extrapolates through
the lower energy central data as well. Thus, in one method, we
integrate dNch/dη for

√
sNN = 130 and 200 GeV for η′ < 0

and use the PHOBOS data at
√

sNN = 19.6 GeV for η′ > 0. We
also integrate the Woods-Saxon-like fits, similar to that shown
in Fig. 1(a), for |η| < 8. These two approaches agree within
2% for central events, but differ up to 8% in more peripheral
events, where one expects spectator-related effects in the far
forward region, so we average the two results to achieve the
final estimate of the total charged-particle multiplicity. For the
lowest RHIC energy, we simply integrate the charged particles
in the PHOBOS acceptance and average this with the integral
of the functional fits, which differ by up to 15% in the most
peripheral data considered here.

In Fig. 2, ⟨Nch⟩/⟨Npart/2⟩ is shown for PHOBOS data
at three RHIC energies as a function of Npart. The 90%
C. L. systematic error on the centrality dependence of
⟨Nch⟩/⟨Npart/2⟩ is shown as a shaded band and represents a
combination of several factors, dominated by the uncertainty
of the extrapolation procedure to extract Nch over the full solid
angle. This figure shows that the heavy ion data are consistent
with wounded nucleon scaling over the measured centrality
range, since the multiplicity is proportional to Npart (Nch ∝
Npart). This constancy of ⟨Nch⟩/⟨Npart/2⟩ is a striking feature
in view of the various particle production mechanisms (e.g., jet
fragmentation, quark recombination, statistical hadronization)
expected to be relevant in heavy ion collisions.

In proton-nucleus data at lower energies, one also observes
that the total multiplicity scales linearly with Npart, propor-
tional to the multiplicity measured in pp collisions at the
same center-of-mass energy [1]. Nonsingle diffractive (NSD)
proton-antiproton data exist at 200 GeV, but neither inelastic
nor NSD data exist for the other two RHIC energies. For
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uncertainty on the overall Nch scale and Npart scale. Shaded band
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Figure 1. Comparison between the best fit thermal model calculations and experimental hadron
multiplicities (sum of particles and antiparticle yields and for the 2 jets) for e+e− collisions
at

√
s=91 GeV. The upper panel shows the fit in the non-flavor scheme of data including

the feed-down contribution from heavy quarks, the middle panel is after subtraction of this
contribution, the lower panel is for a 5-flavor scheme fit where the flavor abundancies are extra
input parameters from data (see text). The best fit parameters are listed for each case.

yields of φ mesons and of hyperons are poorly reproduced. Large deviations are seen also
for kaons.

The case of the fit after subtraction of the contribution of the decays of charmed and
bottom hadrons (scenario ii), explored at

√
s=91 GeV, is characterized by a larger χ2

value compared to the overall fit (scenario i). The extracted fit parameters differ somewhat
in the two cases. In particular, T is higher and V is smaller for scenario ii) compared to
scenario i), following the (T,V) correlation discussed below. Scenario iii) gives the lowest
χ2 value, although the value is still far from that of a good fit.

Andronic et al, 0804.432

10
-3

10
-2

10
-1

1

10

10 -3 10 -2 10 -1 1 10
Multiplicity (therm. model)

M
ul

tip
lic

ity
 (d

at
a)

e+e- √ s = 91.2 GeV

T=161.9±4.1 MeV
VT3=25.8±3.4
γs=0.638±0.040
χ2=215.1/27 dof

π0π+

ρ0,+ωηK

p
K*

Λ
φ

η’ f2

∆++

Σ+,0,-

a0
K2

*0

Σ*+-

f0

f2’

Ξ-
Λ(1520)

Ξ*0

Ω

π0π+K+K0η ρ+ρ0ω K*+K*0p η, f0 a0 φ Λ Σ+Σ0Σ- ∆++f2 f1 Ξ-Σ*+-f2’K2
*0Λ*f2’Ξ

*0Ω

N
um

be
r o

f S
t.D

ev
.

-10
-5
0
5

10

Becattini, 0901.3643



E X P L A I N I N G  “ U N I V E R S A L I T Y ”

These observations were very puzzling.  
How could the dN/dy and Nch in all systems coincide?

Al Mueller’s answer: an accident.   
pQCD does not need statistical physics.
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These observations were very puzzling.  
How could the dN/dy and Nch in all systems coincide?

Sometime in 2003, I discovered that Peter Carruthers 
had been pondering the same issues more than 30 years before

HERETICAL MODELS OF PARTICLE PRODUCTION* 

P. Carrutherst 

Laboratory of Nuclear Sludies 
Cornell Utiiversiry 

Irliuca, New York 14850 

I .  INTRODUCTION 
A true heresy should arise in the context of an established faith. Presently little 

is established about the mechanism of particle production in collisions of extremely 
high energy, but nevertheless there exists a peculiar orthodoxy of belief in the 
descriptions of such processes by multiperipheral and parton models. Moreover, 
recent data have been analyzed in such a manner as to  give these speculations a 
perhaps undeserved patina of truth. The heresies presented here are of two sorts. 
First, we make a critical analysis of evidence relevant to folklore truths such as 
Feynman scaling and flat rapidity distributions and find that much of the evidence 
presented in support of these hypotheses is misleading, overstated, or simply wrong. 
Secondly, but not necessarily in order in treatment, we discuss the process of particle 
production and show that several unfashionable attitudes are a t  least competitive 
and perhaps superior. We find that formulas derived on the basis of Landau’s 20- 
year old hydrodynamical model give an excellent quantitative description of a n  
enormous amount of inclusive p p  data from conventional energies up to  ISR ener- 
gies. This theory is nonscaling and does not favor a truly flat rapidity distribution 
in the central region, but nevertheless accounts quite well for current data. General- 
izing this mode of thought leads to  several conclusions often considered unreason- 
able. Coordinate space is claimed to  be superior to  momentum space for the critical 
preasymptotic stages of the process. The mechanism of particle production appears, 
a t  least for the high multiplicity events, to  be classical in essence. The fundamental 

I coordinates are not quarks, partons, Regge poles, or what have you, but are instead 
averaged thermodynamic field quantities such as energy density, entropy density, 
and so forth. There is, therefore, an emphasis on the collective motions, and the 
collective motions within the medium, of highly compressed and energetic hadronic 
matter. We propose to  call this substance “prematter,” calling matter the stuff of 
which S-matrix theory is composed (the asymptotic region). Since the behavior of 
prematter is presumably described by a dynamics more or less independent of the 
detailed laws of force as well as a knowledge of the fundamental constituents, it 
may very well happen that the study of such coarse quantities as inclusive distribu- 
tions will not lead to  any decisive information about fundamental issues. There 
remains the important task of explaining the observed data, as well as the concep- 
tually interesting problem of discovering the properties of prematter. To help the 
development of this field we have prepared a list of 20 significant problems which 
should be studied within the new (old?) framework. Before the statement of these 
problems, we first review the history of the subject a t  hand, with special attention t o  
Fermi’s statistical model and Landau’s extension of the statistical model by means 
of relativistic hydrodynamics. It is very interesting to  see in the latter work the early 
use of scale invariance (in the form of a particular equation of state), supplemented 
by scale-dependent boundary conditions, and the recognition of the utility of light 

* This work was supported in part by the National Science Foundation. 
t Present address: Los Alamos Scientific Laboratory, Los Alamos, N.M. 87544. 
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1. Very early thermalization, t0 = R/γ 
2. Multiplicities scaling as s1/4 (Lorentz contraction + EOS) 
3. dN/dy gaussian with σ ~ √(ln s) (expansion)

Fun to consider strongest assumption:  
all strongly-interacting systems behave this way

A+A: R vs. R/γ e+e-: ΛQCD vs. ΛQCD/γ 

These observations were very puzzling.  
How could the dN/dy and Nch in all systems coincide?



L A N D A U :  “ B O R N ”  AT  R H I C ,   
“ D E A D ”  AT  T H E  L H C !

Centrality dependence of the pseudorapidity density ALICE Collaboration

from Landau hydrodynamics [35, 36]. Lower-energy distributions derived from identified pions have a
width much closer to that expected from Landau hydrodynamics (see inset in Fig. 9). Two measurements
derived from charged particles were computed using the pT spectra and particle ratios measured by STAR
[37] to convert the dNch/dh distributions measured by BRAHMS [12] and PHOBOS [29] to dNch/dy
distributions in the same way as previously applied to the ALICE measurement. While the widths are
larger than those derived from identified pions at

p
sNN = 200GeV, there remains a significant increase

from RHIC to LHC energies. Similar observations of deviations from Landau hydrodynamics have been
seen in other Pb–Pb measurements at

p
sNN = 2.76TeV [38].
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Fig. 9: dNch/dy distribution for the 5% most central Pb–Pb collisions. A Gaussian distribution has been fit to
the data (s = 3.86). A Landau-Carruthers Gaussian [35] and a Landau-Wong function [36] are also shown. The
full drawn line shows a fit to the sum of two Gaussian distributions of equal widths with the means at h =±2.17
and s = 2.6 as its area reproduces the estimated total number of charged particles. The inset shows the en-
ergy dependence of the ratio of s from a Gaussian fit to the expected Landau-Carruthers s taken from [34]
extended to

p
sNN = 2.76TeV along with including RHIC points derived from the dNch/dh distributions measured

by BRAHMS [12] and PHOBOS [29] converted to dNch/dy (the higher point and the lower point, respectively)
using the same method employed at

p
sNN = 2.76TeV.

6 Conclusions

The charged-particle pseudorapidity density distribution has been measured in Pb–Pb collisions at
p

sNN =
2.76TeV. Results were obtained using a special sample of triggered ‘satellite’ collisions which allowed
for reliable multiplicity measurements in the 0–30% centrality range. The measurement was performed
in a wide pseudorapidity interval of �5.0 < h < 5.5 allowing for the first estimate of the total number
of charged particles produced at the LHC. The available theoretical predictions do not describe the data
satisfactorily although the CGC based model does well within its limited pseudorapidity range. We do
not observe a significant change in the shape of the distributions as a function of the event centrality.
Our results are compatible with the preservation of longitudinal scaling up to

p
sNN = 2.76TeV. The

scaling of total number of charged particles per participant pair with ln2 sNN does not persist to LHC
energies. The dNch/dy distribution of particles has a much larger width than that expected from Landau
hydrodynamics, showing an increasing deviation at higher energies.
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ALICE extrapolated dN/dη to dN/dy
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been appreciated in the context of the Landau approach is that limiting fragmenta-
tion seems to arise naturally from Equation (1): Transforming this distribution into
the rest frame of one of the projectiles, y′ = y−ybeam, one finds that approximately:

dN

dy′
∝

1√
L

exp(−
y′2

2L
− y′). (2)

Which only varies weakly with L for y′ ∼ 0. This seems too strong to be merely
a coincidence, but it is not clear why limiting fragmentation, which implies xF

scaling, arises naturally from the Landau formulas, in which xF does not seem to
be a preferred variable [ 6].

Another interesting, and unexpected, connection can be made between the Lan-
dau expressions and the results from the CGC-based model of Kharzeev and Levin
[ 27]. Once one fixes the peak dN/dy of both models, and then varies the energy,
it appears that the width of dN/dy varies in a similar way as a function of beam
energy, as shown in Fig. 4. It is interesting that the exponent extracted from
HERA data, λ = 0.25− 0.3 is surprisingly similar to the power seen in the Landau
multiplicity formula. However, it is not clear why this similarity occurs, or how
robust it is.

A final unexpected coincidence is seen in the transverse direction near y=0.
Carruthers and Duong-van noticed that the pT distribution of π0’s in p+p collisions
was well described out to pT = 10 GeV by a Gaussian distribution in transverse
rapidity yT = 1

2
ln(mT +pT

mT −pT
) with L ∼ 0.51 [ 28]. While no derivation was given

for this phenomenological description, which holds over 10 orders of magnitude,

BRAHMS PID dN/dy  
(still found to be inconsistent  

w/ PHOBOS dNch/dη)

Boost invariance apparently violated in general,  
but Gaussians are too narrow. 
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The differences between these definitions are significant
for thick shocks but become small for thin shocks. We will

also consider another hydrodynamization time tPhyd defined

by the criterion j!P loc
L j=P loc

L ! 0:2. One advantage

of thyd over tPhyd is that Eloc is always nonzero, whereas

P loc
L may vanish.
A dynamical crossover.—Figure 1 shows the energy

density and the pressures for thick- and thin-shock colli-
sions. In the case of E and P L one can see the incoming
shocks at the back of the plots, the collision region in the
center, and the receding maxima at the front. The incoming
shocks are absent in the case of P T , as expected. A
simultaneous rescaling of ! and w that keeps !w fixed
would change the overall scales on the axes of these figures
but would leave the physics unchanged.

The thick shocks illustrate the full-stopping scenario. As
the shocks start to interact the energy density gets com-
pressed and ‘‘piles up,’’ comes to an almost complete stop,
and subsequently explodes hydrodynamically. Indeed, at
the time !tmax ’ 0:58 at which the energy density reaches
its maximum in the top-left plot of Fig. 1, the energy

density profile is very approximately a rescaled version
of one of the incoming Gaussians, with about 3 times its
height (see Table I) and 2=3 its width. At this time, 90%
of the energy is contained in a region of size !z ’ 2:4w
in which the flow velocity is everywhere jvj & 0:1.
Similarly, the energy flux in this region is less than 10%
of the maximum incoming flux, as illustrated by Fig. 2
(left). At late times, the velocity of the receding shocks
can be read off from the same figure as the inverse slope
of the dotted line. This is not constant in time, but at late
times it reaches a maximum of about v ’ 0:88. The
validity of the hydrodynamic description can be seen in
Fig. 3 (left) and Fig. 4 (top row). Hydrodynamics
becomes applicable even earlier than tmax, and the region
where it is applicable extends from z ¼ 0 to the location
of the receding maxima. This is intuitive since gradients
become smaller as w increases. We conclude that the
thick-shock collision results in hydrodynamic expansion
with initial conditions in which all the velocities are close
to zero. This is in close similarity with the Landau model
[7], which seems to reproduce some aspects of RHIC
collisions [8].

FIG. 1 (color online). Energy and pressures for collisions of thick (top row) and thin (bottom row) shocks. The gray planes lie at the
origin of the vertical axes.

TABLE I. Numerical values of several quantities of interest.

!w=
!wCY !w "w !tmax Emax=!

4 Emin=!
4 !thyd "thyd thyd=w !tmax

hyd !t2whyd !tPhyd Thyd=! Thyd=" Thydw thydThyd tPhydThyd

ðP T=
P LÞjthyd

ðP T=
P LÞjtPhyd

2 1.28 1.89 0.58 2.9 0 %0:053%0:078 %0:041%0:63 2.5 0.34 0.44 0.30 0.56 %0:02 0.15 0.54 0.70
1 0.64 0.75 0.13 2.3 0 1.2 1.5 2.0 1.1 2.5 1.6 0.36 0.31 0.23 0.45 0.58 3.2 3.1
1=2 0.32 0.30 0.03 2.0 0 1.1 1.0 3.4 1.0 1.7 2.1 0.29 0.31 0.093 0.32 0.61 6.2 3.4
1=4 0.16 0.12 0 2.0 0 1.2 0.88 7.5 1.2 1.5 2.2 0.22 0.30 0.035 0.27 0.48 12 4.3
3=16 0.12 0.08 0 2.0 %0:01 1.3 0.88 11. 1.3 1.6 2.4 0.20 0.30 0.024 0.27 0.49 11 4.9
1=8 0.08 0.05 0 2.0 %0:1 1.5 0.87 19. 1.5 1.7 2.4 0.17 0.30 0.014 0.26 0.42 15 4.6
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Casalderrey-Solana, et al: colliding shock waves in AdS/CFT 
√s controls the thickness: transition from stopping to transparency. 

Not a full model, and dN/dy still narrow even for full stopping.

The differences between these definitions are significant
for thick shocks but become small for thin shocks. We will

also consider another hydrodynamization time tPhyd defined

by the criterion j!P loc
L j=P loc

L ! 0:2. One advantage

of thyd over tPhyd is that Eloc is always nonzero, whereas

P loc
L may vanish.
A dynamical crossover.—Figure 1 shows the energy

density and the pressures for thick- and thin-shock colli-
sions. In the case of E and P L one can see the incoming
shocks at the back of the plots, the collision region in the
center, and the receding maxima at the front. The incoming
shocks are absent in the case of P T , as expected. A
simultaneous rescaling of ! and w that keeps !w fixed
would change the overall scales on the axes of these figures
but would leave the physics unchanged.

The thick shocks illustrate the full-stopping scenario. As
the shocks start to interact the energy density gets com-
pressed and ‘‘piles up,’’ comes to an almost complete stop,
and subsequently explodes hydrodynamically. Indeed, at
the time !tmax ’ 0:58 at which the energy density reaches
its maximum in the top-left plot of Fig. 1, the energy

density profile is very approximately a rescaled version
of one of the incoming Gaussians, with about 3 times its
height (see Table I) and 2=3 its width. At this time, 90%
of the energy is contained in a region of size !z ’ 2:4w
in which the flow velocity is everywhere jvj & 0:1.
Similarly, the energy flux in this region is less than 10%
of the maximum incoming flux, as illustrated by Fig. 2
(left). At late times, the velocity of the receding shocks
can be read off from the same figure as the inverse slope
of the dotted line. This is not constant in time, but at late
times it reaches a maximum of about v ’ 0:88. The
validity of the hydrodynamic description can be seen in
Fig. 3 (left) and Fig. 4 (top row). Hydrodynamics
becomes applicable even earlier than tmax, and the region
where it is applicable extends from z ¼ 0 to the location
of the receding maxima. This is intuitive since gradients
become smaller as w increases. We conclude that the
thick-shock collision results in hydrodynamic expansion
with initial conditions in which all the velocities are close
to zero. This is in close similarity with the Landau model
[7], which seems to reproduce some aspects of RHIC
collisions [8].

FIG. 1 (color online). Energy and pressures for collisions of thick (top row) and thin (bottom row) shocks. The gray planes lie at the
origin of the vertical axes.
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Fig. 2. PHOBOS dNch/dη distribution for d+Au collisions compared with PYTHIA
pp simulations scaled up by Npart/2 and with the rapidity of each particle shifted
by ∆y =0.7 and 1.

proximate expression relating y and xF (good for y away from 0):

y = yb + ln(xF ) −
1

2
ln

!

m2
T

M2
P

"

Without a full knowledge of the longitudinal and transverse distributions, it
is difficult to estimate the complete effect of the dynamical evolution on the
final state rapidity distributions. One might also consider some additional
effects from reinteractions with the spectator matter from the nucleus, sup-
plying the system with some extra longitudinal momentum in the backwards
(A) hemisphere. Despite these uncertainties, it will be assumed that any ad-
ditional modifications to the longitudindal shift (e.g. from effects associated
with transverse dynamics or spectator interactions), can be incorporated into
a constant extra contribution to ∆y, hereby labeled δy. The basic relationship
between the initial-state geometry and the rapidity shift is shown in Fig.1,
with and without an extra shift of δy = 0.3.

The simplest application of the approach described here can be performed
with the PHOBOS minimum-bias d+Au data, with ν estimated to be approx-
imately 4. This data, shown in Fig. 2, displays a clear rapidity asymmetry,
with a large peak seen near η = −2 and an intriguing “plateau” near η = 1.
These features are often interpreted in terms of the independent fragmenta-
tion of the deuteron and nucleus in the forward and backward rapidity regions
respectively. However, we can use the procedure outlined above to construct
d+Au distributions from p+p, using PYTHIA 6.161 [4]. First one scales up
the PYTHIA p+p dNch/dη distribution up by a factor of Npart/2 ∼ 4, indi-

3

characteristic size of each shock satisfies lchar ≲ 0.26=Thyd,
where Thyd is the plasma temperature at the time of
hydrodynamization, thyd. We will refer to this feature as
“longitudinal coherence.” In particular, even though the
initial projectiles may be very asymmetric, in the coherent
regime the c.m. of the created plasma coincides with the c.m.
of all the nucleons participating in the collision, as opposed
to the c.m. of each individual nucleon-nucleon collision.
Longitudinal coherence.—Figure 1 shows the energy

density for the two asymmetric collisions in the second row
of Table I: a coherent collision with lchar ≃ 0.12=Thyd (left)
and an incoherent collision with lchar ≃ 0.36=Thyd (right).
All constituents have μw ¼ 0.05; i.e., they are “thin” in the
language of [5]. In both cases the left-moving shock is a
single-shock, while the right-moving shock is a double-
shock with μl− ¼ 8μw ¼ 0.4 (left) and μl− ¼ 24μw ¼
1.2 (right). As expected from [5], the thin constituents pass
through each other virtually undisturbed and then start to
attenuate. Close to the light cone, both figures show one
left-moving and two right-moving attenuating maxima after
the collision, indicating that in both cases the high-rapidity
region is sensitive to the initial structure of the shocks.
In contrast, the midrapidity region of Fig. 1(left) keeps

no memory of the initial structure of the shocks. This is
illustrated in Fig. 2(left), which shows snapshots of the
energy density at a fixed time after hydrodynamization,
μt ¼ 1.6, for the several collisions with different initial
shock structures but with the same total energy listed in the
left part of Table I. We see that the energy density around
midrapidity for the single-double collision of Fig. 1(left)
is identical to that for a single-single or a double-double
collision with constituents of the same width, and for a
single-single collision with twice-as-thick constituents. In
all these cases the hydrodynamization time and the hydro-
dynamization temperature are independent of the initial
structure of the shocks. For single shocks this is consistent
with [5], where it was found that the hydrodynamization

properties of the plasma are independent of the widths of
the initial shocks provided these satisfy μw≲ 0.2.
Figure 2(right) shows analogous snapshots for the

collisions listed on the right part of Table I, which again
have the same total energy but differ in the initial structure
of the shocks. One of the curves is the same single-single
collision of thin shocks from Fig. 2(left), which is included
for comparison. The other three curves all have lchar >
0.26=Thyd and they illustrate the incoherent regime, namely
the fact that the energy density around midrapidity, as well
as the hydrodynamization time and the hydrodynamization
temperature, are sensitive to the initial structure of the
shocks. Note that the different hydrodynamization temper-
atures would translate into about a 30% difference in the
energy density at midrapidity (which scales roughly as
T4
hyd) even if each of these curves were plotted at its

corresponding hydrodynamization time.
From the gauge theory viewpoint, these results imply

that the smallest longitudinal structure that the fields in the
midrapidity region can resolve is set by the inverse temper-
ature at hydrodynamization, which in the coherent regime
is Thyd ¼ 0.3μ. Clearly, the plasma will be sensitive to the
structure of the initial shocks if their characteristic size,
lchar, is larger than the formation time of the hydrodyna-
mized plasma, thyd. By inspection of Table I we see that the
transition between the coherent and the incoherent regimes
takes place at a scale lcoh such that 0.12 < lcohThyd < 0.36.
Since this transition is smooth, lcoh is not sharply defined.
Motivated by the considerations above, we therefore choose
to define it as the hydrodynamization time for single-single
collisions of thin shocks, which yields lcoh ¼ 0.26=Thyd.
This picture is supported by the gravitational description.

In Fig. 3 we show the volume element on the apparent
horizon formed in the two collisions displayed in Fig. 1.
Although this quantity depends on the slicing of the space-
time, close to equilibrium it provides a lower bound for
the entropy density [17]. According to the gauge-gravity

FIG. 1 (color online). Energy density (divided by N2
c=2π2) of two asymmetric collisions. The black lines are streamlines of the

produced plasma.
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duality, the horizon encodes the physics at the thermal
scale. Heuristically, one may say that Fig. 3 provides an
effective picture of Fig. 1 in which all length scales shorter
than the thermal scale have been integrated out. It is
therefore suggestive that in Fig. 3(left) there is no trace
of the microscopic structure of the shocks even at the time
t ¼ 0 of the collision. In contrast, for the further-separated
colliding shock constituents of Fig. 1(right), the corre-
sponding apparent horizon in Fig. 3(right) reflects the
initial configuration, albeit with a significant smoothening
due to the integration of scales.
Discussion.—Since longitudinal coherence only depends

on the inability of the horizon to resolve sub-thermal length
scales, we expect this coherence to occur in holographic
high-energy collisions more general than the simple model
considered here. These may include collisions of shocks
with profiles more general than (1) and collisions with
nontrivial transverse dynamics, at least if the transverse
expansion rate is slower than the longitudinal one. In the
following we take this as an assumption and explore an
interesting consequence for high-multiplicity ðp=dÞ þ A
collisions. Furthermore, we consider the limits in which
the physics of bulk-particle production is assumed to be
exclusively strongly or weakly coupled, the hope being
that these limits bracket the production dynamics at the
energies of present colliders.

In the strong-coupling limit our results, together with
the large Lorentz contraction of the colliding projectiles
at RHIC and LHC, suggest that most of the participating
nucleons act coherently in the formation of the plasma.
As a consequence, the momentum rapidity of the plasma’s
c.m., yplasma, should coincide with the momentum rapidity
of the c.m. of all the participating nucleons, ypart. Since the
local energy density at fixed proper time is maximal at
yplasma [5,6], the maximum in the rapidity distribution of
particles, ymax, also coincides with ypart. For a generic
collision with NA (NB) right-moving (left-moving) partici-
pating nucleons moving at rapidity yA (yB), we have that
ypart ¼ 1

2 logðNA=NBÞ þ yNN, where yNN ¼ 1
2 ðyA þ yBÞ is

the rapidity of the nucleon-nucleon c.m.
This shift has interesting consequences for Aþ A

collisions. First, event-by-event fluctuations in the num-
ber of participating nucleons in Aþ A collisions lead to
fluctuations in ymax according to ypart, as was also studied
in [18]. Second, for off-central collisions there will be a
similar shift locally in the transverse plane. Last, although
in this Letter we focused on the plasma formed at
midrapidity, it would also be interesting to study in more
detail the high-rapidity region, where universal scaling
(limited fragmentation) is observed in both Aþ A [19] and
pðdÞ þ A collisions [20]. However, since addressing this
feature would require a more sophisticated model that

TABLE I. Parameters of the shocks displayed in Fig. 2.

Left Right
μw μlþ μl− μthyd Thyd=μ lcharThyd μw μlþ μl− μthyd Thyd=μ lcharThyd

Green-dashed (single-single) 0.05 0 0 0.88 0.30 0.05 0.05 0 0 0.88 0.30 0.05
Black-continuous (single-double) 0.05 0 0.4 0.88 0.30 0.12 0.05 0 1.2 0.95 0.31 0.36
Red-dotted-dashed (double-double) 0.05 0.4 0.4 0.88 0.30 0.12 0.05 1.6 1.6 1.20 0.33 0.48
Blue-dotted (single-single) 0.10 0 0 0.88 0.30 0.1 1.9 0 0 −0.08 0.30 1.9

FIG. 2 (color online). Energy density (divided by N2
c=2π2) at μt ¼ 1.6 for different shock collisions characterized by the parameters

displayed in Table I.
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Should we be thinking in terms of 
independent fragmentation, or does the 
initial state “feel” the initial longitudinal 

momentum imbalance?
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As a model of the longitudinal structure in heavy ion collisions, we simulate gravitational shock wave
collisions in anti–de Sitter space in which each shock is composed of multiple constituents. We find that all
constituents act coherently, and their separation leaves no imprint on the resulting plasma, when this
separation is ≲0.26=Thyd, with Thyd the temperature of the plasma at the time when hydrodynamics first
becomes applicable. In particular, the center-of-mass of the plasma coincides with the center-of-mass of all
the constituents participating in the collision, as opposed to the center-of-mass of the individual collisions.
We discuss the implications for nucleus-nucleus and proton-nucleus collisions.
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Introduction.—The hydrodynamic behavior of the matter
produced in the high energy collision of two large nuclei is
one of the most striking results of the heavy ion programs
at RHIC and LHC [1–3]. One of the theoretical challenges
posed by this collective behavior is to understand the
hydrodynamization process: the transition from the initial
far-from-equilibrium regime to the regime that is well
described by hydrodynamics. Interesting insights have
been obtained through the dual gravitational description,
in which a central nucleus-nucleus (Aþ A) collision has
been toy-modeled as a symmetric collision in anti–de Sitter
space (AdS) of two gravitational shock waves of infinite
extent in the transverse directions [4–6]. For an extensive
review of applications of the gauge-gravity duality to heavy
ion physics, see [7].
Strong collective behavior may also occur in high-

multiplicity proton-nucleus (pþ A) and deuteron-nucleus
(dþ A) collisions. The recent analyses of p-Pb data from
LHC [8–10] and d-Au data from RHIC [11,12] have
shown flow signals in high-multiplicity events. While their
interpretation as a hydrodynamic response is still far from
settled, early hydrodynamic simulations seem to reproduce
most of the observed systematics [13]. This possibility
motivates us to consider a holographic setup that captures
one of the key features of a ðp=dÞ þ A collision: the
asymmetry in the longitudinal extents of the two projectiles
[14]. Incorporating the different (and finite) extents in the
transverse directions is certainly important but technically
harder and we leave it for future work.
We collide planar gravitational shocks in AdS5 with

different longitudinal profiles, which via the gauge-gravity
duality provides a model for a high-energy collision of

projectiles with nontrivial longitudinal structure [16]. In
the field theory, the shocks are dual to two infinite sheets of
energy characterized by a stress tensor whose only non-
zero components are T$$ðz$Þ ¼ ðN2

c=2π2ÞF$ðz$Þ, where
z$ ¼ t$ z, z is the beam direction, and F$ðz$Þ are two
arbitrary profile functions associated with the left- and
right-moving shocks, respectively. We choose t ¼ z ¼ 0
as the point at which the center of mass (c.m.) of both
shocks coincides. The general expression for the shocks
that we consider is of the form

F$ ¼ μ3

w
ffiffiffiffiffiffi
8π

p
"
exp

#ðz$ − 1
2l$Þ2

2w2

$
þ exp

#ðz$ þ 1
2l$Þ2

2w2

$%
:

ð1Þ

This describes a “double shock” (with two Gaussian
constituents) of characteristic size lchar ≃ l$ if l$ ≫ w,
and a “single shock” of characteristic size lchar ≃ 3.3w
(the region where 90% of the energy is contained) if
l$ ¼ 0. Each constituent is meant to be a cartoon of a
nucleon participating in the collision. By varying lþ
and l− we can therefore model symmetric collisions
(single-single and double-double collisions) and asymmet-
ric collisions (single-double collisions). Note that we work
in the c.m. frame of the collision, in which each shock has
the same energy per unit transverse area, ðN2

c=2π2Þμ3,
regardless of the number of constituents. Because of
conformal invariance, each of the shocks is characterized
by the dimensionless products μw and μl$.
Our main result is that the created plasma at midrapidity

is insensitive to the structure of the initial shocks if the
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Carruthers: Heretical Models 
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FIGURE 9. The theoretical C.M. distribution c/N/r/v is compared with the data of Refer- 
ence 17 for ~ I H I ~  = 15.4 GeV/c (circles) in (a). The dashed line gives the shape of the 
Gaussian which occurs i n  3.10 and which gives rise to the solid curve after integration, 
3.11. (For the dashed curve the abscissa should be labeled y.)  The parameter L was the- 
oretically determined in this and tlie other figures from the hydrodynamical model as inter- 
preted in Reference 7. The description of this part (h)  is exactly the same as for (a) except 
that ~ 1 ~ 1 ~  = 26.7 GeV/c. We have normalized to tlie values of N obtained by numerical 
integration of tlie experimental data. These turn out to be 12.4 and 16.8 i n  the two cases. 
These efective values are higher than given by oilier nieasuretnents, presumably since they 
correspond to a given azimuthal bite in the ISR system. 

ISR data interpreted as emergence of plateau, 
as was the early 4π RHIC data.  An ongoing argument. 

Doesn’t help that PHOBOS & BRAHMS data are inconsistent.

Landau Hydrodynamics & RHIC Phenomenology 5
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Fig. 2. BRAHMS data on dN/dy
for charged pions, compared with Lan-
dau’s prediction. Inset is a comparison
between the measured and predicted
Gaussian widths (from Ref. [ 23])
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Fig. 3. Results from the Landau for-
mula, Equation (1), in the rest frame
of one of the projectiles. Approximate
limiting fragmentation is observed.

been appreciated in the context of the Landau approach is that limiting fragmenta-
tion seems to arise naturally from Equation (1): Transforming this distribution into
the rest frame of one of the projectiles, y′ = y−ybeam, one finds that approximately:

dN

dy′
∝

1√
L

exp(−
y′2

2L
− y′). (2)

Which only varies weakly with L for y′ ∼ 0. This seems too strong to be merely
a coincidence, but it is not clear why limiting fragmentation, which implies xF

scaling, arises naturally from the Landau formulas, in which xF does not seem to
be a preferred variable [ 6].

Another interesting, and unexpected, connection can be made between the Lan-
dau expressions and the results from the CGC-based model of Kharzeev and Levin
[ 27]. Once one fixes the peak dN/dy of both models, and then varies the energy,
it appears that the width of dN/dy varies in a similar way as a function of beam
energy, as shown in Fig. 4. It is interesting that the exponent extracted from
HERA data, λ = 0.25− 0.3 is surprisingly similar to the power seen in the Landau
multiplicity formula. However, it is not clear why this similarity occurs, or how
robust it is.

A final unexpected coincidence is seen in the transverse direction near y=0.
Carruthers and Duong-van noticed that the pT distribution of π0’s in p+p collisions
was well described out to pT = 10 GeV by a Gaussian distribution in transverse
rapidity yT = 1

2
ln(mT +pT

mT −pT
) with L ∼ 0.51 [ 28]. While no derivation was given

for this phenomenological description, which holds over 10 orders of magnitude,

ISR data BRAHMS data
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