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Abstract.

It is well understood that subnuclear fluctuations in the initial state of heavy-ion
collisions have an important impact on the creation of long-range correlations
in the transverse plane. This is also true for the creation of particle correla-
tions along the beam direction, which can be measured in particle detectors,
e.g. through longitudinal decorrelation observables. In this work, we study the
emergence of long-range rapidity structures in Pb+Pb collisions using a hybrid
model connecting the 3D resolved McDipper initial state model to a (3+1)D
viscous hydrodynamics framework CLVisc. We include different sources of
fluctuations at the (sub-)nucleon level and present the effects of their inclusion
on the longitudinal structure of relevant observables, focusing in this proceed-
ings paper on charged hadron multiplicities, baryon stopping, directed flow and
flow decorrelation. We find remarkable agreement to the experimental data re-
garding directed flow and the rapidity resolved charge particle multiplicity.

1 Introduction

Relativistic heavy-ion collisions offer a unique environment to study strongly interacting mat-
ter under extreme conditions, where the formation of a quark—gluon plasma (QGP) can be
probed through final-state observables [1]. Theoretical modeling of such collisions typi-
cally employs a multi-stage approach: (i) an initial energy and charge deposition, (ii) a pre-
equilibrium phase, (iii) viscous hydrodynamic expansion of the QGP, and (iv) a late hadronic
rescattering stage [2]. While the later stages are now well constrained, significant uncertain-
ties remain in the description of the initial state and its transition to local equilibrium.

While great progress has been achieved in the last decades, a large array of initial condi-
tion models assume approximate boost-invariance, which is suitable near midrapidity at high
collision energies but insufficient for describing the longitudinal structure revealed in experi-
ments, particularly when describing small systems (O+O, Ne+Ne collisions) and asymmetric
systems (p+A, d+A). Observables such as baryon stopping, rapidity-dependent anisotropic
flow, and flow decorrelations across pseudorapidity demonstrate the necessity of more realis-
tic three-dimensional initial conditions [3, 4]. A particularly interesting aspect is the role of
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fluctuations at different scales. While nucleon-level fluctuations are known to be crucial for
explaining collective phenomena and centrality dependence in heavy ions, subnucleonic fluc-
tuations are necessary for describing fluctuation-driven observables or for smaller collision
systems [5]. However, most studies have primarily examined the effects of subnucleonic fluc-
tuations in the transverse plane, while the impact on longitudinal decorrelation observables
has received comparatively less attention.

In this short communication, we summarize results from a recent study of Pb—Pb colli-
sions at +/syn = 2.76 TeV, using the McDipper model with explicit subnucleonic fluctuations
coupled to the (3+1)D viscous hydrodynamic framework CLVisc. We focus on four represen-
tative observables: the rapidity dependence of charge particle yields as well as the net proton
rapidity distributions, directed flow and flow decorrelation.

2 Model Description

As stated in the introduction, our hybrid model contains the initialization of the QGP state,
which is performed on an iso-t surface at a proper time 7 = 0.6 fm and is subsequently
evolved in (3+1)D until freeze-out using CLVisc’s Cooper-Frye prescription.

Rapidity-resolved initial state model: The McDripPER

The McDrpper framework is based on the kr-factorization framework of the color glass
condensate! (CGC). Gluon production is described via single gluon production formulas,
while quark energy and charge deposition arises from multiple scattering and stopping of
collinear quarks [7, 8]. The latest version, McDipperR V1.2, incorporates subnucleonic fluctu-
ations by resolving nucleons into Gaussian hotspots, whose positions fluctuate event by event.
The strength of fluctuations at the (sub-)nuclear positions can be chosen to also fluctuate by
sampling the normalization of the nucleon (hotspot) strengths from a log-normal distribution
centered around unity, which we call thickness fluctuations. This results in a granular and
asymmetric initial energy deposition.

We compare the effects for five different sets of fluctuations included into the McDippErR
initial state’: (i) smooth nucleons (no subnuclear fluctuations, denoted as nucleon), (ii) three
hotspots (denoted as hotspots), (iii) thickness fluctuations at the nucleonic level (denoted as
nucleon fluctuations o = 0.637), (iv+ v) three hotspots and thickness fluctuations of two
different magnitudes o = 0.637, 1.2.

2.1 Hydrodynamic evolution: CLVisc
The event-by-event initial conditions are evolved with the (3+1)D viscous hydrodynamic
model CLVisc [10, 11] . The code solves energy—momentum and baryon number conser-
vation including second-order Israel-Stewart-type terms for shear stress, bulk pressure, and
baryon diffusion. Transport coefficients are chosen following Bayesian analyses of LHC data,
while the equation of state (NEOS-B) incorporates baryon chemical potential effects.
Particlization is performed at an energy density of e, = 0.266 GeV/fm® using the
Cooper—Frye prescription. Hadrons are sampled with corrections for shear and baryon diffu-
sion, and resonance decays are included. Although a hadronic afterburner is not yet imple-
mented, the framework provides robust qualitative predictions.

3 Results

Charged hadron multiplicity: Fig. 1 shows the pseudorapidity distribution of charged
hadrons in several centrality classes. We have tuned the normalization of the gluon energy

IFor a review of the CGC framework, we refer to Ref. [6]
2For model information and parameter choice, please see Ref. [9]
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Figure 1. (Left) Charged hadron multiplicity distribution as a function of pseudorapidity 7 for
Pb-Pb collisions at 2.76 TeV compared to ALICE data [12]. (Right) Net-proton multiplicity
for same system. For readability only the 5-10,20-30 and 40-50% centrality classes are pre-
sented.
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Figure 2. Odd (left) and even (right) components of directed flow v1(7) of charged hadrons
compared with ALICE data [13] for the 10-20% centrality class.

K, by matching it to the experimental data in the Pb-Pb 0-5% midrapidity bin [4, 16]. The
McDripperR hybrid shows remarkable agreement with data for most of the rapidity range. At
large rapidities (Jn| > 3), better agreement is found when including subnuclear flucuations,
confirming the interpretation that for smaller (less dense) systems, the subnuclear scales are
relevant degrees of freedom.

Net proton multiplicity: In Fig. 1, we show the net proton multiplicity distribution along the
rapidity for representative centralities. Including subnuclear fluctuations, reduces the total
baryon charge deposited, but does not affect the stopping power (position of the peak). This
can be understood from the increased granularity in the initial state, while the peak depends
mostly on the energy of the collisions (see Ref. [14]).

Directed flow, v: In this work, the v; is calculated relative to the spectator plane as in
Ref. [13]. Directed flow vy, shown in Fig. 2, is separated into odd and even components
relative to the spectator plane. The odd component, reflecting the tilted collision geometry,
is reproduced well in all cases. The even component, which originates from event-by-event
asymmetries, is underestimated for scenario (i) but the inclusion of fluctuations significantly
enhanced it.

Flow decorrelation: In Fig. 3 quantified elliptic flow decorrelations using the standard for-
ward-backward ratio r,(n,,175) [17] the reference rapidity is set to 4.4 < 1, < 5. Scenario (i)
underestimates r,, observed in CMS data, particularly for midcentral and peripheral collisions
where geometry-driven flow dominates. Including subnucleonic fluctuations increases decor-
relations, especially in central event.Our framework still falls short of experimental results in
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Figure 3. Directed flow v;(57) of charged hadrons compared with ALICE data [15]. Subnu-
cleonic hotspots enhance the even component, improving agreement with experiment.

peripheral collisions, which we attribute to missing sources of fluctuations in the quark sector,
which are most relevant in the fragmentation regions.

4 Conclusions and Outlook

In this short communication, we presented first results from the MCDIPPER+CLVisc frame-
work including subnucleonic fluctuations. We focused on a representative set of observables,
namely charged particle and net-proton multiplicities, directed flow and flow decorrelation.
Generally, we found that the framework provides rather good descriptions of these observ-
ables without any tuning of transport coefficients for hydrodynamics evolution. Additionally,
we have noted that subnucleonic fluctuations have evident effects on the r-dependence of fi-
nal state observables, which is clear in all the observables presented. These findings highlight
the relevance of nucleon substructure in shaping the longitudinal dynamics of heavy-ion col-
lisions. Future work will incorporate valence-quark fluctuations, a realistic pre-equilibrium
stage, and hadronic afterburners for quantitative precision.
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