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While it is well known that there is a significant amount of conserved charges in the initial state of nuclear c ollisions, the production of
these due to gluon splitting has yet to be thoroughly investigated. The ICCING (Initial Conserved Charges in Nuclear Geometry) algorithm
reconstructs these quark distributions, providing conserved strange, baryon, and electric charges, by sampling a given model for the g — qgq

splitting function over the initial energy density, which is valid at top collider energies, even when pp = 0. The ICCING algorithm includes

fluctuations in the gluon longitudinal momenta, a structure that supports the implementation of dynamical processes, and the c++ version

is now open-source. A full analysis of parameter choices on the model has been done to quantify the effect these have on the underlying

physics. We find there is a sustained difference across the different charges that indicates sensitivity to hot spot geometry.

Keywords: ICCING

1 Introduction

In principle, initial conditions consist of a complete specifi-
cation of the full initial energy-momentum tensor and initial
conserved charge currents for baryon number B, strangeness
S, and electric charge (). In practice, only the initial en-
ergy density is used and all other components are set to zero,
though there has been recent progress on including more ini-
tial state variables [[148]. Some thought has been given to
conserved charge currents, primarily finite net baryon den-
sity [9H13]], which is motivated by the search for a critical
point in the Quantum Chromodynamics (QCD) phase dia-
gram in this regime [11,/14433]]. At top collider energies,
a mean field assumption is made that the total charge in the
plasma vanishes which motivates setting the charge density
p uniformly to zero. This assumption is consistent with a
leading-order picture in perturbative QCD which describes
the initial state as composed of only gluons. Event-by-event
fluctuations in the energy-momentum tensor have been es-
tablished as essential to initial conditions of heavy-ion colli-
sions [34}35]], this mean field assumption ignores local fluc-
tuations of charge density around zero.

At next-to-leading order in pQCD, the gluons are able
to pair produce quarks and antiquarks in equal proportions
which allows for local fluctuations in charge density while

preserving a total charge of zero. This has been studied in the
proton where gq pairs, as sea quarks, are a significant con-
tribution to the parton distribution functions (PDFs) as com-
pared to gluons. This is illustrated by the gluon, xg, and sea
quark, =S, PDFs extracted by the Hl and ZEUS Collabora-
tions in [36]]. The parameter z is proportional to the inverse of
the collision energy, and so low values correspond to the en-
ergies present in heavy-ion collisions. In the small x regime,
the gluon and sea quark distributions scale proportionately,
xS o xg, and this is consistent with the perturbative expec-
tation, S ~ asxg. Sea quark fluctuations can come from
other nonperturbative mechanisms [37]] as well.

In order to study the transport of charge at top collider
energies, an initial condition generator that contains qq pairs
and a hydrodynamic code that can propagate all three con-
served charges are needed. This work focuses on the im-
plementation of the former as a Monte Carlo algorithm that
takes any initial condition, that can be described as an energy
density, and samples the g — ¢g splitting probability to intro-
duce BSQ conserved charges as quark pairs. The algorithm
presented here is ICCING, Initial Conserved Charges in Nu-
clear Geometry, and is formulated in a modular way to allow
for the selection of different choices for all theoretically de-
pendent components, including the initial energy density in-
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put, the g — qq splitting probabilities, and the distribution
of charge densities [[38,39]]. The events modified by ICCING
can be read directly into hydrodynamic simulations. To illus-
trate the algorithm and its physical consequences, the Trento
initial condition generator [40-42], is chosen for its ability to
match experimental results and its model agnostic construc-
tion, and the g — ¢ spatial correlation functions derived in
Ref. [43]] are used.

2 Model
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FIGURE 1. An event after being sampled by the ICCING algorithm,
resulting in a reconstructed energy density as well as new distribu-
tions of the three conserved charges. Note that some artifacts of
the energy redistribution can be seen in the modified energy density.
Taken from [38|].

Here I present a high level overview of the ICCING algo-
rithm. On an event basis, the first step is an externally pro-
vided energy density profile ¢(Z ) and some profile that may
be used as the saturation scale. From this initial profile, a val-
ued point is chosen randomly to act as the center of a possible
gluon and the energy available, inside a circle of a predefined
radius, is calculated. A distribution is sampled to determine
the fraction of the available energy that will be the gluon.
Then a Monte Carlo sampling of the quark flavor ratios pro-
vided in [38] is used to determine whether the gluon will split
into a quark antiquark pair and what its flavor would be if this
were the case. Another sampling is done to determine both
the distance between the two quarks and the fraction of en-
ergy that is shared by each (the probability distributions for
this process are beyond the scope of this work and are de-
tailed in Ref. [38]]). Finally, the energy, baryon, strange, and
charge densities of the quark and antiquark are distributed in
the output density grids and if the gluon did not undergo a

splitting, its energy is copied over without modification. This
process is repeated until all of the energy from the input den-
sity has been transferred to the output grids. A plot of the
densities from a fully processed event is shown in Fig.[T]

The probability of gluons to split into quark/antiquark
pairs and the reconstruction of the initial condition, includ-
ing the conserved charge densities, is specified through ex-
ternal input allowing flexibility in theoretical dependence.
This allows ICCING to be agnostic as to the choice of the
quark/gluon splitting function. We make a particular choice,
for the analysis here, to use the quark/gluon multiplicities ob-
tained from a color-glass condensate (CGC) calculation for
this input. The theoretical calculation underlying this choice
was presented in Ref. [43].

An expression for the differential probability distribution
droj_P - for a gluon to split into a qG pair with given kine-
matics is the result of the calculation in Ref. [43]]. Here r is
the separation vector between the quark and antiquark, and
« is the fraction of light-front momentum (i.e., energy) car-
ried by the quark. Integrating over this differential probabil-
ity with respect to r; and « gives the total probability for a
gluon to split into quarks of a given flavor. The calculation
of Ref. [43]] gives an expression for the probability distribu-
tion in terms of dipole scattering amplitudes, which are nat-
ural degrees of freedom in CGC effective theory. We have
evaluated the resulting probability distribution for the Golec-
Biernat-Wusthoff (GBW) [44] model of the dipole amplitude.

3 Results
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FIGURE 2. Comparison of the energy density before (left plot) and
after (right plot) running the ICCING algorithm. As a result of re-
distributing the energy density from the g — gq splitting, the energy
density profile is somewhat modified, including visible artifacts as-
sociated with the model implementation. Taken from [38].

It is important to quantify the extent to which the ICCING al-
gorithm modifies the input energy density through the redis-
tribution of energy due to the quantum mechanical ¢ — qq¢
splitting process. There is nontrivial modification of the en-
ergy density by this process as see in Fig. [2] where it is pos-
sible to see circular artifacts in the energy density where glu-
ons were sampled and split into quarks. Though the artifacts
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are highly dependent on artificial choices made by the selec-
tion of parameter values, i.e. the gluon radius r, they are a
real effect of the partonic splitting physics. The sampling ar-
tifacts are important to quantify since Trento, by itself, has
already been shown to accurately describe final state flow
harmonics and fluctuations of bulk particle production at the
LHC [40L|45-48]]. Consistency with experimental data could
be disrupted if ICCING introduces new charge distributions
at the cost of modifying the energy profile too much.

To check the modification of the energy density profile,
we estimate the effect on the flow harmonics. The final state
is often described by harmonic flow coefficients, v,,, which
are constructed from correlations between particles produced
by the collision. These flow harmonics reflect the response of
the collision system to the underlying physics present. The fi-
nal state flow coefficients have been shown [49] to be related
to the initial state eccentricities nearly linearly:

Up = KnEn. (D

This relation is explored in more detail in the work I did in
Ref. [50] where we explored deformations of Pb to attempt
explaining the v, to vs puzzle. This relationship is not per-
fect and in peripheral collisions non-linear corrections to the
hydrodynamic response can become significant [51H53].
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FIGURE 3. Eccentricities of the energy density as a function of cen-

trality before (solid curve) and after running ICCING (dotted curve).
Taken from [38|].

The 2-particle cumulants of ellipticity and triangularity of
the energy density as a function of centrality, shown in Fig.[3]
are a good way to quantify the effect of ICCING on the orig-
inal initial condition. Modification of the event geometry by
ICCING is very small for e2{2} in the 10 — 60% centrality
range and there is a consistently constant increase for e3{2}
in the same window. This shows that the effect of gluon split-
ting, as introduced, is smaller than that of the average ellipti-
cal geometry of the collision, but does introduce a new source
of small event-by-event fluctuations. There is an increase in
ellipticity for the most central events, 0 — 10% centrality. The
nucleon-level geometry in these collisions tends to be quite
round, and it appears that ICCING converts these geometries
into something more elliptical due to the ¢ — ¢¢g splitting
naturally producing quarks that are back-to-back. This is also
seen in peripheral collisions ~ 70 — 90%, where the peak of
e2{2} shifts to the right. Previous work [52] has shown that
the location of this peak characterizes a transition between
impact-parameter-driven geometry and finite-number-driven
geometry characterized by Np,+ at the level of Trento. Thus,
the location of the peak reflects a resolution scale for the con-
stituents of the medium, and a modification of this transition
due to the introduction of sub-nucleonic degrees of freedom
in ICCING is natural. It is important to note that the final-
state anisotropic flow, v,,, in more peripheral collisions will
be modified by effects such as nonlinear response to the ini-
tial geometry [51,/52]. It is reasonable to conclude that modi-
fications to the bulk energy geometry introduced by ICCING
are minimal, with interesting systematic differences in very
central and very peripheral events.

3.1 Strangeness As a Distinct Probe of the Initial State
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FIGURE 4. Top: RMS ellipticity e2{2} versus centrality. Two cen-

trality bins (0 — 10%) and (65 — 75%) are highlighted with the

corresponding histograms shown below. Bottom Left: Distribution

of ellipticity in the 0 — 10% bin. Bottom Right: Distribution of

ellipticity in the 65 — 75% bin. Taken from [38].

Having established the effect of ICCING on the initial condi-
tion input, we can look at the geometries of charge produced
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by the algorithm. We run the initial conditions using Trento
PbPb collisions at \/syn = 5.02 TeV. One must choice an
normalization constant and equation of state to obtain the ini-
tial energy density from Trento (that is given as an entropy
density). We use the PDG16+/2+1[WB] equation of state and
normalization from [46].
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FIGURE 5. Top: RMS ellipticity e2{2} versus centrality. Two cen-
trality bins (0 — 10%) and (65 — 75%) are highlighted with the
corresponding histograms shown below. Bottom Left: Distribution
of ellipticity in the 0 — 10% bin. Bottom Right: Distribution of
ellipticity in the 65 — 75% bin. Taken from [38]].

The elliptic eccentricities of energy, baryon, strangeness,
and electric charge are shown in Fig. 4] In Fig. [d]is e2{2},
where, for < 65% centrality, the baryon number and electric
charge distributions track the energy distribution very closely,
while the strangeness distribution is much more eccentric. To
gain a better intuition of this behaviour, we examine the cen-
tral 0 — 10% centrality bin (pink band) differentially by plot-
ting the corresponding probability distribution in the top plot
of Fig.[5] On an event-by-event basis, the B, ) distributions
produce the same geometry profile as the energy density; we
can attribute this to the huge abundances of u, d quarks pro-
duced in these central events. These nearly-massless quarks
are produced in large quantities and are nearly homogeneous
in central collisions, so that the resulting charge densities mir-
ror the original energy density profile, quantitatively. In con-
trast, the strangeness distribution is more eccentric than the
bulk geometry, even in the most central collisions. This in-

dicates that the strange quarks do not saturate the collision,
instead generating a lumpy and highly anisotropic geometry
even when the energy is quite round.

Another area that would be important to analyze dif-
ferentially are peripheral collisions at 65 — 75% centrality,
where we see the B, @ ellipticities begin to deviate from the
bulk energy density and the strangeness experiences its peak
in €{2}. This centrality range is highlighted by the blue
band and is shown in the bottom panel of Fig. [5] Look-
ing at the B, () distributions, we see that they qualitatively
track the same geometry as the energy density, reflecting
the still-dominant role of impact-parameter-driven geome-
try, but nontrivial differences start to appear. Events start
to shift to larger B, () eccentricities when compared to the
energy distributions that produced them, indicating the u, d
quark abundances have dropped low enough to no longer sat-
urate the bulk geometry and are now characterizing a dif-
ferent, lumpier distribution. The strangeness distribution for
this centrality window has a dramatic increase in events with
strangeness ellipticity close to 1 and a large spike about zero.
These peaks in the distribution, at 0 and 1, most likely reflect
a events with few strange quarks, where exactly one or two ss
pairs may be created, which leads to one or two blobs of pos-
itive strangeness that are innately round (zero eccentricity) or
innately elliptical (maximal eccentricity). This double-peak
behavior in e(2$+) correlates with the location of the peak in
the cumulant 5§S+){2}, again indicative that there is a tran-
sition to event geometries controlled by a small number of
produced strange quarks.
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FIGURE 6. The triangular eccentricity, £3{2}, versus centrality.

Taken from [38]].

The triangularity,c3{2}, of energy and BS(Q densities
is shown in Fig. [0l Unlike £2{2} which is dominated
by the mean-field elliptical geometry below < 60% cen-
trality, e3{2} arises entirely from fluctuations, without this
mean-field background. Up to very peripheral collisions
> 80% centrality, there is a clear hierarchy in the densities:
5(S+){2} > 5(B+’Q+){2} > E(E){2}. This is consistent

3 3 3
with the introduction of new sources of sub-nucleonic fluc-
tuations contributing to the BS(Q) distributions, since strange
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quarks are produced the least and therefore their geometry
fluctuates the most. Triangularity, 3, is the most sensitive
probe into the differences between the various charge and en-
ergy geometries due to its direct sensitivity to the fluctuat-
ing charge distributions, independent of the mean-field back-
ground.
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It is clear from Figs. {}f5|that strange quarks are especially
sensitive to fluctuations (and likely fluctuate more than light
quarks). In addition, we would anticipate that light quarks
have nearly the same fluctuations as the full energy density.
To check this systematically, we study the ratio €,,{4} /e, {2}
where as £,{4}/¢,{2} — 1 there are fewer fluctuations in
the system. However, small values of £,{4} /¢, {2} indicate
large fluctuations in the system.

Looking at the cumulant ratio ,,{4} /¢, {2} for the vari-
ous charge and energy distributions, shown in Fig.[/| can tell
us about the variance of the ¢,, distribution which is measured
by the deviation of the ratio from unity. We can analyze this
differentially by plotting the €,, probability distribution nor-
malized by the mean to better reflect differences in width of
the distributions corresponding to the deviation of the cumu-
lant ratio from unity. For < 70% centrality in the first panel
of Fig.[7] we see the baryon/electric charge distributions track
the energy density profile quite closely, while strangeness is
significantly different. There is an interesting crossing of
curves at around 10% centrality, where the strangeness distri-
bution changes from having a ratio smaller than the bulk, in
mid-central collisions, to a value larger than the bulk, in cen-
tral collisions. We can investigate this more by plotting the
distributions normalized by the mean for the 0 —10% central-
ity bin (pink band, second panel of Fig.[7)) and the 20 — 30%
range (blue band, last panel of Fig.[7). For 20 — 30%, we
see that the strangeness distribution is broader than the bulk,
which reflects the increased number of event-by-event fluctu-
ations due to a small number of strange quarks being pro-
duced. Event-by-event fluctuations of energy density are
comparatively narrower and more peaked around their mean
value, dictated by the strong mean-field background of the
bulk elliptical geometry. In 0 — 10% centrality, the strange
quark distribution is narrower than the bulk, which reflects
a qualitative change of the strangeness distribution relative
to the bulk. Looking back at the €5 cumulant ratio, fluctu-
ations of the energy density increase greatly when going to
central collisions, which may be understood as the disappear-
ance of mean-field elliptical geometry when the impact pa-
rameter goes toward zero. Event-by-event fluctuations, com-
pared against the vanishing background, are greatly magni-
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FIGURE 7. Top: Cumulant ratio e2{4}/c2{2} versus centrality.
Two centrality bins (0 — 10% and 20 — 30%) are highlighted, corre-
sponding to the histograms below. Bottom Left: Probability dis-
tribution of the ellipticity €2 in the 0 — 10% bin, scaled by the
mean (g2) to illustrate the width of the distribution. Note that the
strangeness distribution is narrower than the bulk. Bottom Right:
Probability distribution of the ellipticity 2 in the 20 — 30% bin,
scaled by the mean to illustrate the width. Note that the strangeness
distribution is broader than the bulk. Taken from [38]].

fied which results in a broadening of the width of the € his-
togram. However, the strangeness distribution is broadened
significantly less by this effect, resulting in a reduced slope
for the strange €2 cumulant ratio and a crossing of the curves
at 10% centrality.

The qualitative change in the strangeness distribution rel-
ative to the energy distribution as a function of centrality in-
dicates, that in addition to a dependence on the number of
quark pairs produced, the underlying geometries from which
quarks are produced are different and act differently with re-
spect to centrality. If the only dependence of the BSQ charge
geometries was the number of particles produced, then we
would expect to see the same hierarchy in e2{4}/e2{2}, that
is, ¥ ~ BT ~ QT > ST maintained across mid-central and
central collisions.
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The fact that the disappearance of the bulk elliptical ge-
ometry in central collisions affects the strangeness distribu-
tion differently, comes from fact that the geometry can pro-
duce strange quarks pairs that are not identical to the bulk
geometry. It is reasonable to assume that since the strange
quarks have a large mass threshold of 2m  ~ 200 MeV/, they
may only be produced by hot spots in the collision that con-
tain enough energy density to meet this mass threshold. This
can explain why the cumulant ratio of strangeness responds
in a less singular manner than the bulk in central collisions:
while the geometry of the bulk is becoming very round in
central collisions, the geometry of the hot spots capable of
producing strange quarks pairs is innately lumpier. Thus, the
width of the strangeness distribution is less sensitive to the
absence and the presents of a large elliptical bulk geometry.
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FIGURE 8. Cumulant ratio e3{4}/e3{2} versus centrality (left)

and the probability distribution for 3 for the centrality class 20 —
30% (right). Taken from [38]].

Looking at the cumulant ratio for triangularity,
e3{4}/e3{2} shown in the first panel of Fig.|8] the absence
of a mean-field background geometry produces an ordering
hierarchy comparable to the one seen in the 0 — 10% bin for

€9: ST > BT ~ QT ~ E. In central collisions, the strong
elliptical shape of the event geometry, €5, disappears and the
event-by-event fluctuations produce a large fractional change
in the ellipticity, whose expectation value is close to zero.
In a similar way, €3 has an expectation value close to zero,
leading to large fractional changes compared to that small
value. This is true for the gluons and light quarks which
saturate the bulk geometry, but this is not the case for the
strange quarks. Since fewer strange quarks are produced,
they have an inherently lumpier hot spot distribution whose
triangularity does not average automatically to zero. Thus
both for €5 in the central bin of Fig. [/| and for €3 across all
centralities, the relative fluctuations of strange particles are
smaller than the light quarks. We can further illustrate this
through the probability distribution of 3 in the centrality
window of 20 — 30% in the second panel of Fig. (8| wherein
strangeness, indeed, has a narrower distribution. We argue
that, in full context, these descriptors of the event-by-event
fluctuations of the strangeness distribution and its centrality
dependence provide systematic evidence for the coupling of
strangeness to an independent underlying event geometry.

4 Conclusion and Outlook

The ICCING algorithm provides a modular framework in
which to introduce conserved charges to the initial state of
heavy ion collisions through a Monte Carlo sampling of
g — qq splitting probabilities. ICCING was built with a
model agnostic approach in mind and so has support for dif-
ferent input/output variables and formats as well as identi-
fication of areas where different model assumptions could
be made. We have shown that the modification to the ini-
tial energy density, taken as input, is minimal and should not
effect previous agreement with experimental results. Using
eccentricity cummulants, it is possible to see that the strange
charge follows a different geometry than the baryon/charge,
which largely follows the energy geometry except at ex-
tremes. Investigation of cumulant ratios provides further ev-
idence for the difference in behaviour between strange and
baryon/charge densities.
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