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Abstract. Results on collisions of 16O nuclei performed at the Relativistic
Heavy Ion Collider (RHIC) have been presented for the first time at Quark Mat-
ter 2023 by the STAR collaboration. 16O+16O collisions are also expected to
take place in the near future at the Large Hadron Collider (LHC) at much higher
beam energies. We explore the potential of beam-energy-dependent studies for
this system to probe small-x dynamics and QCD evolution. We perform 3+1D
IP-Glasma simulations to predict the rapidity dependence of the initial geom-
etry of light-ion collisions, focusing on 16O+16O and 20Ne+20Ne collisions at√

sNN = 70 GeV and 7 TeV. The choice of 20Ne is motivated by its strongly
elongated geometry, which may respond differently to the effect of the high-
energy evolution compared to the more spherical 16O. We find that smearing
induced by soft gluon production at high energy causes mild variations in the
initial-state eccentricities as a function of the collision energy. These effects
could be resolved in future experiments and deserve further investigation.

1 Introduction

Characterizing the quark-gluon plasma (QGP) created in heavy-ion collisions performed at
the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) requires a
good understanding of the initial states of such systems. These can not be computed from first
principles, and in theoretical calculations are typically obtained either from phenomenologi-
cal models or effective theories of the scattering process, such as the color glass condensate
effective theory of low-energy QCD [1].

At Quark Matter 2023, the STAR collaboration presented the first results on the collective
flow of relativistic collisions of 16O nuclei at RHIC. As the same collisions are expected to
take place in 2024 at LHC at a much higher beam energy, we may soon be able to constrain
from experiments a crucial aspect of the initial states of the collisions which remains to date
largely unexplored: its beam-energy and rapidity evolution.

In this study, we present preliminary predictions for the beam-energy and rapidity depen-
dence of the initial conditions of light-ion collisions by means of 3+1D IP-Glasma model
[2] simulations. For the beam energy, we choose 7 TeV, corresponding roughly to top LHC
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Figure 1: JIMWLK evolution of a particular configuration of a 20Ne nucleus. Shown is
1 − Re Tr[Vx]/Nc in the transverse plane at rapidities Y = 0 (left) and Y = 4.6 (right).

energy, and 70 GeV1, which is close to the top RHIC beam energy, and also corresponds to
the center-of-mass energy of fixed-target ion-gas collisions recorded by the SMOG2 system
of the LHCb experiment at the LHC [3]. We perform collisions of both 16O and 20Ne nuclei.
They are of direct relevance for the experimental campaigns, and enable us to test whether
different intrinsic nuclear shapes [4, 5] are affected differently by the geometric smearing
induced by the small-x QCD evolution.

2 3D IP-Glasma model and event generation

Within the CGC, we adhere to the principle of high-energy factorization, wherein the ex-
pected value of an inclusive observable, O, at rapidity yobs is given as:

O(yobs) =
∫

[DU][DV]Wp
∆yp

[U]Wt
∆yt

[V]O[U,V] . (1)

Here,Wp/t
∆yp/t

represents the weight functional of the projectile/target, formulated in terms of
the Wilson lines U/V , with rapidity separation ∆yp/t = ±yp/t − yobs, obtained through the
JIMWLK renormalization equation. Refer to [2] for more details and considerations.

We generate 6k 16O+16O and 20Ne+20Ne collisions. For each colliding nucleus we con-
struct Wilson line configurations computed from nucleon positions sampled on an event-by-
event basis. The densities of nucleon centers contain nontrivial spatial correlations, such as
clustering and deformations, following the predictions of the ab initio Projected Generator
Coordinate Method (PGCM) [6]. The 3D IP-Glasma model evolves then the Wilson lines to
the relevant beam energies via JIMWLK evolution. In Fig. 1, we demonstrate the effect of
JIMWLK evolution on a particular configuration of 20Ne. The beam energy can be related to
the rapidity, Y ∝ ln(

√
s/(70 GeV)). The small-x evolution weakly smears the nuclear shape,

owing to Gribov diffusion as we evolve towards higher rapidity. For each event, we conduct
a series of separate 2+1D Classical Yang-Mills simulations at different rapidities to engender
a rapidity dependence in the initial geometry. The collisions occur then at various impact pa-
rameters. The centrality selection is based on the gluon multiplicity at mid-rapidity (Y = 0)
computed at proper time 0.2 fm/c.

1The suitability of IP-Glasma for 70GeV (x ≈ 0.01) relies on the momentum fraction value indicating the onset
of saturation effects. However, we look forward to investigating upcoming theoretical models at these energies.

Figure 1. 
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Figure 2: Spatial anisotropies εn{2} =
√
⟨|εn(y)|2⟩ as a function of rapidity, y, for 0-5% central

collisions, at two different energies. Left: 20Ne+20Ne collisions. Right: 16O+16O collisions.

3 Results and Discussion

We study the energy and rapidity dependence of spatial and momentum eccentricities, i.e.,

εn(y) =

∫
d2r⊥T ττ(y, r⊥) |r⊥|neinϕr⊥

∫
d2r⊥T ττ(y, r⊥) |r⊥|n

, εp(y) =

∫
d2r⊥ T xx(y, r⊥) − T yy(y, r⊥) + 2iT xy(y, r⊥)∫

d2r⊥ T xx(y, r⊥) + T yy(y, r⊥)
.

(2)

They are calculated from the glasma stress-energy tensor at τ = 0.2 fm/c. In the left panel
of Fig. 2, we depict ε2(y) and ε3(y) for the most central 20Ne+20Ne collisions, at both beam
energies. The y dependence on these quantities not resolved by our statistical precision.
We thus conclude that the rapidity evolution impacts the eccentricities by less than 10%.
More visible seems the impact of the beam energy change, in particular on ε3{2}. This may
be of importance for future collisions involving 20Ne nuclei at LHCb, and deserves further
investigation. Similar conclusions are drawn from 16O+16O collisions, shown in the right
panel of Fig. 2. The results hint at a stronger beam-energy dependence for ε2{2} in the 16O
case. This may be due to the nuclear geometry. The intrinsic elliptical shape of 20Ne is hardly
affected by the energy evolution (Fig. 1), leading to an initial-state ellipticity that is preserved
across energies. The local fluctuations that dominate instead ε2 with more spherical 16O
nuclei may instead be more strongly affected by the small-x evolution.

In Fig. 3, the root mean squared value of the initial state momentum anisotropy is shown
as a function of rapidity for 20Ne+20Ne collisions at two different energies. As expected, the
value of εp is higher at lower beam energies, as it gets reduced by the randomization of color
fields induced by the soft gluons emitted at high energy [7]. The right panel of Fig. 3 shows
the change in εp at different beam energies, evaluated at mid-rapidity, y = 0, and as a function
of the centrality. Peripheral collisions have higher εp due to larger fluctuations in the initial
fields. We do not discern any difference between 20Ne+20Ne and 16O+16O collisions.

4 Conclusion & Outlook

We have presented an exploratory study of beam-energy and rapidity-dependent spatial and
momentum eccentricities in 20Ne+20Ne and 16O+16O collisions, utilizing the 3+1D IP-
Glasma approach. Our observations indicate that the small-x evolution has a mild, though
potentially visible impact on the geometry of light-ion collisions. These observations will

Figure 2. 
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Figure 3: Left: rapidity dependence of initial state momentum anisotropy, εp(y), in 0-5%
central 20Ne+20Ne collisions. Right: centrality-dependent ratio of the mid-rapidity εp taken
between the considered energies, for both 20Ne+20Ne and 16O+16O systems.

be substantiated in the future by means of higher-statistics calculations. Beyond that, cou-
pling with hydrodynamics and achieving theoretical progress through constructing a fully 3D
Wilson line configuration followed by 3+1D CYM [8–11] is desirable.
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