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Decorrelation of participant and spectator angular momenta in heavy-ion collisions
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High-energy heavy-ion collisions contain enormous angular momentum, | �J|, which is O(103–106 h̄) in the
range of collision energy,

√
sNN, spanned experimentally by the Relativistic Heavy Ion Collider (RHIC) and

the Large Hadron Collider (LHC). A fraction of �J is transferred to the overlapping collision region, which is
indispensable for measuring observables such as vorticity-driven hadron spin alignment with Ĵ . Experiments
estimate the orientation of Ĵ of the participant nucleons within the collision overlap region, Ĵpart , by using that
of the forward- and backward-going spectating nucleons Ĵspec. Using two models, we study the decorrelation
between Ĵpart and Ĵspec, driven both by angular-momentum conservation and event-by-event fluctuations, as well
as by the decorrelation between the orientation of the elliptic overlap region and the Ĵpart .

√
sNN-dependent

decorrelation is observed in both of these cases and is large enough to be an important corrective factor used
when experimentally observing phenomena driven by �J .

DOI: 10.1103/PhysRevC.106.064904

I. INTRODUCTION

Relativistic heavy-ion collisions generate sufficient energy
densities to momentarily [O(1 fm/c)] deconfine constituent
quarks, and thereby create the conditions required to study the
strong nuclear force described by quantum chromodynamics
(QCD). The state of matter produced is the so-called quark-
gluon plasma (QGP) [1–5], which has been the subject of
intense study for decades; theorists and experimentalists study
a variety of phenomena over a wide range of center-of-mass,
nucleon-nucleon collision energy,

√
sNN, in an effort to char-

acterize the QCD phase diagram [6].
Phenomena driven by the angular momentum of partic-

ipating nucleons within the collision overlap region, �Jpart,
have been of much interest [7–15]. Experimentally, the
orientation of Ĵpart is not known exactly and must be ap-
proximated with the orientation of the angular momentum
of the forward- and backward-going spectator nucleons,
Ĵspec, which are characterized by having a forward rapid-
ity, y, or pseudorapidity, η, with |y|, |η| � 1–2. The QGP
state, formed in the collision overlap region, ultimately emits
particles across a range of rapidity, but typically only the
midrapidity (|y|, |η| � 1–2) particles’ paths are able to be
reconstructed experimentally. Observables such as the spin
orientations of hadrons, �SH, which have been shown to be
globally aligned with Ĵsyst [12–14,16], are therefore only ac-
cessible at midrapidity. Ideally, then, the correlation between
observables such as �SH and the angular-momentum orienta-
tion of the corresponding midrapidity region, Ĵmid, could be
studied.

The angular momentum of the system, �Jsyst, is perpendicu-
lar in the transverse plane (which is orthogonal to the beam
axis) to the impact parameter, �b, connecting the centers of
the two nuclei. Ĵpart instead fluctuates about Ĵsyst on an event-
by-event basis, due to the randomness of nucleon positions

within the colliding nuclei. While the effects of initial-state
fluctuations in heavy-ion collisions have been thoroughly in-
vestigated [17–29], it has yet to be discussed in the context of
decorrelation between Ĵpart and Ĵspec.

Through the use of a simple and intuitive model, we show
in this study that the effects of both initial-state fluctuations
and angular-momentum conservation lead to a significant
decorrelation between the true Ĵpart and Ĵpart as estimated by
Ĵspec. Furthermore, by using a more realistic model, which
evolves in time and simulates parton interactions we find a
significantly larger suppression of the correlation between
Ĵspec and the Ĵmid that is experimentally of interest. This decor-
relation is strongly dependent on

√
sNN and would require

experimental observations of phenomena driven by angular
momentum to correct for this effect. While it may seem
natural to attempt to avoid such corrective factors by measur-
ing Ĵmid directly from the azimuthal distribution of particles
emitted at midrapidity, we find a decorrelation between the
orientation of the roughly elliptic shape of the overlap region,
practically disallowing such a method.

II. MODELS

The first of two models used to study these effects is a
simple Monte Carlo-Glauber (MCG) model [30]. Our MCG
model consists of randomly generating angular and radial
coordinates according to the Woods-Saxon distribution,

ρ(r) = ρ0

1 + e
r−R

a

, (1)

with the appropriate Jacobians. In this study, we look at
197
97 Au, where ρ0 = 0.1693 fm−3, R = 6.38 fm, and a = 0.535
fm [31]. An impact parameter |�b| is chosen according to
dN/db ∝ b, and two nuclei are generated around two points
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a distance bi from each other before recentering the nuclei to
maintain the chosen b. While generating nucleon positions,
any newly generated nucleon whose center lies within 0.9
fm of another nucleon’s center within the same nucleus is
regenerated.

The qualification that a nucleon must satisfy to be consid-
ered a participant is that its center must lie within d⊥ of at least
one nucleon from the other nucleus. d⊥ is related to the beam
energy and the nucleon-nucleon inelastic cross section at that
energy, which is parameterized according to [32]:

σ total
NN = 48 + 0.522(ln p)2 − 4.51 ln p

σ elastic
NN = 11.9 + 26.9p−1.21 + 0.169(ln p)2 − 1.85 ln p

d⊥ =
√

σ total
NN − σ elastic

NN

π
=

√
σ inelastic

NN

π
, (2)

where p is the center-of-mass nucleon momentum. The de-
pendence of d⊥ on

√
sNN is weak. For the collision energy√

sNN = 27 GeV, somewhat arbitrarily chosen for our calcu-
lations, d⊥ = 0.984 fm.

A series of typical peripheral collisions using the MCG
model at varying b is shown in Fig. 1, where �2 describes
the orientation of the collision and is defined in Eq. (4). The
directions of Ĵsyst, shown as magenta (dark gray) arrows, Ĵpart,
shown as the gray (medium gray) arrows, and Ĵspec, shown as
the green (light gray) arrows, are shown for each collision.
Ĵsyst always points in the −ŷ direction while Ĵpart and Ĵspec

fluctuate about the −ŷ direction and point on opposite sides
of Ĵsyst. While our MCG model calculations serve as a nice
baseline for building intuitions, they do not incorporate any
time evolution of the system and therefore do not allow us to
study the effects of angular-momentum redistribution through
particle interactions or to select regions in rapidity.

As angular-momentum-driven phenomena are interested
mainly in the QGP phase, we do not want to concern ourselves
with late-stage interactions or decays, which will act with a
disproportionately large lever arm on the angular momentum
of the region. The string-melting version of the a multiphase
transport (AMPT) model [33] provides the ideal environment
for a study of these angular momentum correlations with a
more realistic description, while still allowing the user to ig-
nore late-stage interactions and decays. The user has access to
the positions and momenta of the spectators and of the partons
at hadronization. Although hadronization will redistribute an-
gular momentum to some degree, this is a subdominant effect.

AMPT uses the heavy-ion jet interaction generator (HI-
JING) [34] for initial conditions and Zhang’s parton cascade
(ZPC) [35] for handling partonic interactions. The Lund string
fragmentation model is used for hadronization and a rela-
tivistic transport (ART) model is used for treating hadronic
scatterings. For angular momentum calculations, we are only
interested in the state of partons at the moment of hadroniza-
tion, which is at the end of the ZPC stage.

The input parameters to AMPT, besides
√

sNN, the range
of b, and the number of collisions, are not changed. For MCG
and AMPT, 50 K events are generated with 0 � b � 14 fm.
Only one collision energy is studied in MCG as the only
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FIG. 1. A series of collisions generated using our MCG model
at varying b, viewed in the transverse plane. The participants are
outlined in black and the elliptic fit to their positions is displayed in
dashed yellow with a line through the major axis. The events shown

are typical, in that Ĵpart · Ĵspec|b ≈ 〈Ĵpart · Ĵspec〉|b and | sin(�2)||b ≈
〈| sin(�2)|〉|b.

energy-dependent effect is a slight reduction in r⊥ with
√

sNN;
the somewhat arbitrary choice is

√
sNN = 27 GeV.
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FIG. 2. | �Jpart| is the largest at b ≈ 3.5 fm, but is sizable for all but
peripheral collisions. For very central collisions (b � 0.5 fm), | �Jpart|
and | �Jspec| each become larger than | �Jsyst| since spectators still exist
while | �Jsyst| → 0 as b → 0.

III. �Jpart,�Jmid CORRELATIONS WITH Ĵsyst, Ĵspec

In central heavy-ion collisions (b � 3 fm), | �Jsyst| and | �Jpart|
become smaller as b → 0 while | �Jspec| remains large; many
spectators still exist in these collisions (as seen for example in
Fig. 1), which carry a large lever arm. Because of this, | �Jspec|
and | �Jpart| are nonzero even as b → 0 (see Fig. 2). As b → 0,
Ĵspec becomes more random and so, therefore, does Ĵpart due to
conservation of angular momentum. In peripheral collisions
(b � 9 fm) | �Jspec| dominates the contribution to | �Jsyst| but the
effects of initial-state fluctuations on Ĵspec diminish as the
number of spectators increases, so Ĵspec becomes well aligned
with �Jsyst; however, the number of participants drops as does
the contribution of | �Jpart| to | �Jsyst|, so initial-state fluctuations
play a significant role in the orientation of Ĵpart. We might
therefore expect Ĵpart and Ĵsyst to be poorly correlated in central
and peripheral collisions. In midcentral collisions, however,
there are enough of both participants and spectators that
initial-state fluctuations play a small role in the orientations of
Ĵpart and Ĵspec and we might therefore expect them to be well
correlated in these collisions. We indeed see this behavior in
the solid lines in Fig. 3 measuring Ĵpart · Ĵsyst with the MCG
and AMPT models. Here and henceforth we use the rapidity
cut |y| > 2 in AMPT to approximately isolate the spectators,
as would be done experimentally. When choosing the upper
limit of |y| = 2 to define the participant region in AMPT,
no particles are excluded and we therefore see quite good
agreement between the two models.

When instead measuring the correlation between the par-
ticipants and the spectators, we see that Ĵpart · Ĵspec < Ĵpart ·
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FIG. 3. Ĵpart and Ĵsyst are poorly correlated for central and periph-
eral collisions but are well correlated in between. The correlation
between Ĵpart and Ĵspec is smaller than the correlation between Ĵpart

and Ĵsyst , an effect driven by conservation of angular momentum.
In AMPT, shown as the lower two lines, we choose spectators with
the somewhat arbitrary cut |y| > 2 and in this figure the remaining
particles are considered participants.

Ĵsyst; this is true both on average as well as event by event,
and must be so because of conservation of angular momen-
tum. This is represented in Fig. 1 as a cartoon of midcentral
collisions within the MCG model viewed in the transverse
plane. By design, Ĵsyst|| − ŷ but initial-state fluctuations will
generate a deviation of Ĵpart (Ĵspec) from −ŷ and because of
angular-momentum conservation Ĵspec(Ĵpart) must point along
the other side of −ŷ; i.e., the angle between Ĵpart and Ĵspec must
be larger than the angle between Ĵpart and Ĵsyst.

Experiments are typically set up to identify particles with
tracking at midrapidity (e.g., with time projection chambers)
while particle-type-insensitive detectors are placed at forward
and backward rapidities to measure particle hits (e.g., with
calorimeters). When measuring phenomena driven by angu-
lar momentum within the QGP (e.g., global �SH alignment
with Ĵ), QGP byproducts are reconstructed at midrapidity
while �Jspec is measured using the azimuthal distribution of
forward-/backward-going particles as an approximation of
�Jpart; however, such an approximation is subject not only to the
effects seen in Fig. 3 but also to the experimental constraints
of incomplete detector coverage and imperfect detector effi-
ciencies. Because of this limitation, random fluctuations will
play a larger role and we might expect the correlation between
Ĵspec and Ĵmid to be smaller than the correlation between Ĵspec

and Ĵpart. This effect is shown in Fig. 4 within the AMPT
model. For midcentral collisions, Ĵmid is well aligned with
Ĵsyst when considering |y| < 2; however, the degree of align-
ment drops substantially when considering the region |y| < 1
typically used in experimental studies. This is striking; if
taken at face value, this would translate to a correction of
roughly 25% on the observable of interest.
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FIG. 4. The correlation between Ĵmid and Ĵspec becomes smaller
as we further constrain the size of the rapidity window used for the
calculation of Ĵmid where initial-state fluctuations play a larger role.
Experiments typically are limited to |y| < 1. Recall that |y| = 2 is
our participant-spectator cutoff in AMPT, so that �Jmid,|y|<2 = �Jpart .

At larger collision energies, the fraction of emitted particles
that lie in the rapidity window |y| < 1 becomes smaller; we
might therefore expect the correlator 〈Ĵmid · Ĵspec〉 to become
smaller with increasing

√
sNN. On the other hand, the frac-

tion of emitted particles that lie in the spectator (forward)
rapidity region becomes larger and will impact Ĵspec. In Fig. 5
we see that, despite this, 〈Ĵmid · Ĵspec〉 becomes smaller as
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FIG. 5. The correlation between Ĵmid and Ĵspec becomes smaller
as we increase

√
sNN, where a given rapidity window includes a

smaller fraction of emitted particles and initial-state fluctuations play
a larger role. This is similar to the effects driving the observation in
Fig. 4. The values of

√
sNN are chosen to match those of the RHIC

Beam Energy Scan (BES).
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FIG. 6. (a) shows that the correlation between Ĵmid and Ĵspec for
midcentral collisions (the event class used when studying angular-
momentum-driven phenomena) falls with

√
sNN. 3 < b < 8 fm

describes the region from Fig. 5 where the correlation is flat, and
6.5 < b < 10.3 fm and 7.5 < b < 8.5 fm are two ways of approx-
imating 20–50 % central collisions. Experimental results of global
hyperon polarization [11,12,36], PH, are shown alongside these cal-
culations. Also shown, in (b) are these results scaled by the relevant
correlation calculated with AMPT.

√
sNN becomes larger. This correlation depends strongly on√
sNN, differing by more than a factor of 2 between the low-

est and highest collision energies. In Fig. 6, 〈Ĵmid · Ĵspec〉 is
shown for midcentral collisions, defined in a number of ways
that yield very similar results, as a function of

√
sNN. Any√

sNN-dependent experimental observable driven by angular
momentum within the QGP would be corrected in such a
manner, by 〈Ĵmid · Ĵspec〉−1. Similarly, it is important for model
predictions to use Ĵpart or Ĵmid, rather than Ĵsyst, when calcu-
lating phenomena driven by angular momentum within the
QGP.

The global spin polarization of hyperons, PH, is one such
observable that would require correction, and experimental
measurements of PH [11,12,36] are shown alongside the cor-
relator 〈Ĵmid · Ĵspec〉 in Fig. 6. Both PH and 〈Ĵmid · Ĵspec〉 fall
with increasing

√
sNN, though PH demonstrates a stronger

dependence. The ratio of PH to 〈Ĵmid · Ĵspec〉 is shown in the
bottom panel of Fig. 6; the scaled PH demonstrates a notably
weaker dependence on

√
sNN. In practice, a more detailed
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study, specific to a detector’s coverage and acceptance or to
a model’s assumptions, would need to be performed to apply
a correction. Without performing such corrections, there will
be an apparent dependence on

√
sNN driven at least in part by

the behavior observed in Fig. 6.

IV. Ĵpart, Ĵmid CORRELATIONS WITH GEOMETRY

The overlap region of a heavy-ion collision is roughly el-
liptic on average, with the major axis of the ellipse somewhat
aligned with ŷ. We can fit the participant coordinates to an
ellipse in order to determine its orientation and study the
correlation between Ĵpart and this orientation. We characterize
the initial shape through harmonic-eccentricity coefficients εn

and event-plane angles �n [37]:

εnein�n = −
∫

rdrdφrneinφe(r, φ)∫
rdrdφrne(r, φ)

. (3)

By taking n = 2 and treating the initial energy-density distri-
bution e(r, φ) as a sum of δ functions, each at the position of
a nucleon, this reduces to

�2 = 1

2

[
arctan

∑
i r⊥,i

2 sin(2φi )∑
i r⊥,i

2 cos(2φi )
+ π

]
, (4)

where r⊥ and φ are the polar coordinates of the participant
nucleons in the transverse plane, as measured from the center
of mass of the participants. This procedure is only applicable
in the MCG model where all nucleons are either considered
to be participants or spectators. In the AMPT model, we
can reconstruct the orientation of the elliptic overlap region
responsible for the midrapidity region by taking advantage of
elliptic flow; the pressure gradient is larger along the shorter
axis of the ellipse than it is along the longer axis. Because
of this, the azimuthal distribution of emitted particles in a
rapidity window will reveal the orientation of the relevant
overlap region [38]:

�2 = 1

2
atan2

(∑
i

wi sin(2φi),
∑

i

wi cos(2φi )

)
, (5)

where the weight, wi, is typically the transverse momentum,
pT.

For central collisions, the overlap region is quite circular
and for very peripheral collisions only a small number of nu-
cleons participate; in both cases, initial-state fluctuations play
a large role in the orientation of the elliptic fit and therefore on
�2. In midcentral collisions, the overlap region is sufficiently
elliptic and there are enough participants that initial-state
fluctuations will be subdominant; we might therefore ex-
pect �2 to be best aligned with φĴsyst

± π/2 for midcentral
collisions. Such behavior is apparent in the solid lines in
Fig. 7.

We might also intuitively make the naïve assumption that
the somewhat elliptic participant region would be spinning
about its major axis and therefore expect better alignment
between �2 and φĴpart

, φĴmid
than between �2 and φĴsyst

. If

this were true, then the problematic suppression of Ĵmid · Ĵspec

discussed in Sec. III could potentially be avoided by measur-
ing Ĵmid directly from �2; however, when considering again

0 2 4 6 8 10 12 14

b (fm)

0.4

0.5

0.6

0.7

0.8

0.9

1〉
)|

re
f

Jφ-
2

Φ
 |s

in
(

〈

MCG, ref = syst

MCG, ref = part

|<2.0, ref = systyAMPT, 27 GeV, |

|<2.0, ref = partyAMPT, 27 GeV, |

FIG. 7. The correlation between the orientation of the elliptic
overlap region and Ĵsyst is largest for midcentral collisions, in line
with expectations. Counterintuitively, however, there is a suppressed
correlation between the orientation of the ellipse and Ĵpart . The
absolute value of sin(�2 − φĴpart

) is used since �2 is physically
indistinguishable from �2 ± π . Recall that |y| = 2 is our participant-
spectator cutoff in AMPT, shown as the lower two lines, so that
�Jmid,|y|<2 = �Jpart . The horizontal dashed line represents 2/π , which
is the average absolute value of the sine of the difference between
two random, uncorrelated numbers.

Fig. 7, there is apparently a significant suppression of the
correlation between �2 and φĴpart

, φĴmid
. This can be under-

stood by dividing a given tilted elliptic overlap region in two,
lengthwise, and considering that one half is dominated by
positive-rapidity nucleons while the other is dominated by
negative-rapidity nucleons. By applying the right-hand rule to
these two halves it is clear that Ĵpart will tilt to the left as the
elliptic overlap region tilts to the right, and vice versa. One
can see in Fig. 1 a few examples of the major axis tilting away
from Ĵpart over a range of b.

For the same reasons that we expected Ĵmid · Ĵspec to de-
crease both when reducing the size of the window in y
and when increasing

√
sNN, we might expect the correlation

〈| sin(�2 − φĴmid
)|〉 to again decrease in AMPT when consid-

ering |y| < 1, as well as when considering larger
√

sNN. While
not shown in this paper, we indeed did find such additional
suppressions to this correlation. This decorrelation between
�2 and φĴpart

, φĴmid
demonstrates that one can not avoid the

corrective factors discussed in Sec. III by indirectly measuring
Ĵmid through �2.

V. SUMMARY

Initial-state fluctuations drive a decorrelation between
Ĵsyst and Ĵpart, Ĵmid, which is the largest for central and
peripheral collisions. Conservation of angular momentum fur-
ther suppresses this correlation between Ĵspec and Ĵpart, Ĵmid,
albeit slightly. Only Ĵspec is experimentally accessible, and
is used as an approximation of Ĵmid. As the size of the
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midrapidity window becomes smaller, the correlation between
Ĵspec and Ĵmid is suppressed further. Similarly, this decorrela-
tion becomes more dramatic with increasing

√
sNN.

The orientation of the elliptic overlap region, �2, has a
smaller correlation with Ĵpart, Ĵmid than with Ĵsyst, in con-
flict with potentially intuitive expectations. The correlation
between the orientation of elliptic shape and Ĵpart is fur-
ther suppressed when constraining the midrapidity window to
|y| < 1, as well as when increasing

√
sNN. Deducing Ĵpart from

�2 is therefore not a viable method to avoid the problems of
correlation suppression between Ĵmid and Ĵspec.

The findings presented here hold significant implications
for measurements of phenomena driven by angular momen-
tum within the QGP, and particularly for those interested in the

dependence on
√

sNN. Based on our model-dependent study,
it is crucial for studies of angular-momentum-driven phenom-
ena, such as experimental measurements of PH, to correct for
the decorrelation between Ĵspec and Ĵmid in a

√
sNN-dependent

manner, and for model predictions of such phenomena to use
Ĵmid instead of Ĵsyst. Without these corrections, any observed
dependence will be driven at least in part by this decorrelation.
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