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1. Intro: Stages of relativistic heavy-ion collisions

> Local kinetic equilibration (thermalization) that occurs
on a typical timescale
Gluons 1,8 = 0.1 fm/c  (Cg=3; bosons)
Quarks 1teq® = 1 fmlc.  (Cr=4/3; Pauli's principle)

Local thermalization is a sufficient precondition for the
subsequent hydrodynamic treatment of expansion and
cooling

Start of the hydrodynamic expansion. t;= 0.1 - 0.2 fm/c

Pre-equilibrium phase,
Teq< 1 fm/c

» Baryon “stopping® (= slowing down, or net-baryon
transport) in RHI collisions occurs on a short
timescale of = 1 fm/c, similar to the thermalization:

Interaction of valence quarks with soft gluons /T\\ E
beam beam © B. Hippolyte

» Particles are produced during the interaction
(freezeout) time and at the phase boundary
Tint = 8-10 fm/c in central Pb-Pb @ LHC energies
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2. Thermalization and stopping in heavy-ion collisions
2.1 An analytical nonlinear diffusion model for local thermalization
Local thermalization of the single-particle distribution functions for gluons (+) and quarks (-)
nt =nt(e,t) =n

is accounted for by the nonlinear diffusion equation as derived * from the quantum Boltzmann equation

on=* 0 oD 0?

Dissipative effects are expressed throuah the drift term v(e, ) , diffusive
effects through the diffusion term D(e,t). The stationary solutions are given by the
Fermi-Dirac / Bose-Einstein distributions

£ (e) :
Nyl €) = — T with the temperature T
e ele=r=)/T 11 obtained from lim—[—v (€, t)/D (e, t)] = 1/T

In the limit of constant transport coefficients, the nonlinear diffusion equation
for the occupation-number distribution of bosons/ fermions with the temperature T= - D/v
can be solved analytically through a nonlinear transformation.
* GW, Physica A 499, 1 (2018); A 597, 127299 (2022)
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Local thermalization: Analytical solutions of the nonlinear diffusion equation

Thermalization of quarks Thermalization of gluons (¢=p, massless)

T=600 MeV, Teg=0.13 fm/c
10

1.2~ S — R S time = 0.00000 fm/c

- Qverpopulated initial distribution
- Bose-Einstein distribution
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The total particle number (particles + antiparticles) is conserved
T. Bartsch and GW, Ann. Phys. 400, 21 (2019) G. Wolschin, EPL 140, 40002 (2022); Physica A 597, 127299 (2022)

Based on GW, PRL 48, 1004 (1982)
Local thermalization of partons does not imply global thermalization of macroscopic variables:
Net-baryon rapidity distributions are not thermalized 5



2.2 Nonequilibrium-statistical stopping model
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FIG. 1. Marginal rapidity probability density function
(solid, red) of the participant protons in a 208ph nucleus prior
to the initial collision. For comparison, a normal distribution
with zero mean and standard deviation yr/2 is depicted as
dashed blue curve. Dotted vertical lines indicate the Fermi
rapidity yr.

1 E+
Rapidity y = 3 In (E — i::) = tanh ™! (%)

Pseudorapidity n = — In[tan(6/2)]

Before the collision each nucleus is a T=0 Fermi gas,

¢i(Py) = o O(pr — |Px|) yr = asinh(pr/m)

with Fermi momentum pg. This corresponds to an initial-state
longitudinal rapidity distribution (y=yxty,)

. 3
) = 3 snhye) ™ ©(ur — 1. xcosh(y) [(ZZZEEZ? ) - 1]

The initial distribution is evolved in time according to a linear
Fokker-Planck equation, as derived from a relativistic stochastic theory*

Ay (t;y) = =0y [(y) Y (t;y)] + DIF(t; y)

with the proton‘s diffusivity D in rapidity space, and the drift u(y).

The system evolves in time until a stationary state ys(y) is reached.
It is given by the color-glass condensate (CGC) distribution.

*J. Hoelck, G. Wolschin, Phys.Rev. Research 2, 033409 (2020);
Ann. Physik 536, 2300307 (2024) 8
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Figure 2: Stationary distribution function (a) and fluctuation—dissipation rela-
tion (b) for Yeq of the forward-moving nucleus in a central collision of Pb nuclei
with centre-of-mass energy /snn = 5.36 TeV for three different values of the
gluon-saturation-scale exponent: A = 0.1 (dotted), 0.2 (solid), and 0.3 (dashed).
The right dotted vertical line indicates the beam rapidity Yheam = 8.651. Stop-
ping increases with rising A.

The CGC distribution function is obtained from the interaction of
valence quarks q,(x) with soft gluons g(x,A,t(y)) in the other nucleus*

| c [! ;
veac(y) = ﬁ/ da gy () g(a*Fre™®))
0

with x the longitudinal momentum fraction carried by the proton‘s
valence quarks, the gluon saturation-scale exponent A that determines
the x-dependence of the gluon saturation scale

2 2 41/3..—X .
Qs — QOA / L Gluon saturation momentum

and the rapidity dependence of ycec(y) given by the function

5 1
(y) = 111(2—81‘1) - 3In(4) =21+ \y.
With the FPE's stationary solution ys(y)=0 and fixed diffusivity D,
the fluctuation-dissipation relation (FDR) becomes™*

Mg/) =y In(vs(y)) -

Identifying ws(Y)= wcec(y) yields the drift function u(y) - see left figure.
The FPE is solved numerically to obtain the time dependence.

*Y. Mehtar-Tani, GW, PRL 102, 182301 (2009)
** J.Hoelck, G. Wolschin, Phys.Rev. Research 2, 033409 (2020)



Energy and time dependence of baryon transport
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*J. Hoelck, G. Wolschin, Phys.Rev. Research 2, 033409 (2020); 8
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“Stopping” in Pb-Pb and p-Pb at LHC energies

No y-dependent stopping data yet at LHC.
Theoretical results:

central 5.52 TeV Pb-Pb:

on the gluon saturation scale

Stopping peak position depends

100 Pb+Pb 552TeV |

80 E
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Y. Mehtar-Tani, G. Wolschin, PRL 102, 182301 (2009)
N = Np — N3
2= v 0 2 2 41/3, .—A

Q2= 0.08 GeV?, A= 0 Q:; = QoA x
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F.O. Duraes et al., PRC 89, 035205 (2014)



Dependence of the stopping peak on the beam rapidity
Determination of the gluon saturation-scale exponent A

8 T T T T
i Vsnn=5.36 TeV
6 - —~
I 2.76 TeV
LHC, prediction:
i slope depends on A 1
é 4r 200 GeV T
Sl
2 - —~
i Pb-Pb 5.36 TeV
i \ LHC22s period
s . 18t November 2022
L 16:52:47 893
0 1 L L 1
0 2 4 6 8 10
Ybeam—(INA)/6
Linear dependence of the stopping peak on Yyeam 5.36 TeV Pb-Pb
predicted -> LHC forward data needed !
1
Yook = (Vpeam — INAY6) + const
Jpeak TS beam

-> Run 3 in 11/2023, 11/2024; 21-day run end of 2025,
but no forward spectrometer yet

(const = - 0.391 for 1.=0.2, see J. Hoelck, E. Hiyama, G. Wolschin, Phys. Lett. B 840, 137866 (2023))



3. Charged-hadron production

. 3 sources for charged-hadron production

Forward-rapidity fragmentation source

Backward-rapidity <—
fragmentation source T~

Fireball (QGP) source, mostly gluon-gluon collisions

midrapidity region
Most produced particles in the fragmentation region
(large pseudorapidities: 17— Ypeam. = n= 0)

arise from the fragmentation sources

dN/dn

Limiting fragmentation (LF): The charged-particle yield
does not depend on energy over a large (pseudo-) rapidity

fragmientation region

range N — Ybeam

1 — Ybeam
ISMD_2025 11



3.1 Nonequilibrium-statistical three-sources diffusion model

Whereas stopping has only 2 sources, charged-hadron production occurs from 3 sources, with the midrapidity
gluon-gluon (“fireball”) source rising strongly with increasing cm energy

=>» Calculate the time-dependence of the 3 sources in a relativistic diffusion model

= Number of produced particles in the three sources for Au-Au, Pb-Pb:

10000

Nch

100k

1000

3 — Nep©'=1.1-10%(syn/S0)%2® total experimental yield

Ngeox(InVsyy)®  Fireball source
cf. M. Froissart, PR 123, 1053 (1961);

M.F. Cheung, C.B. Chiu, arXiv:1111.6945 (2011);
T.A. Trainor, PRD 898, 094011 (2014)

Nqg xInVsyn Fragmentation sources

G. Wolschin, PRC 94, 024911 (2016)
12



p-Pb

80
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40

ALICE data:

PLB 845,
137730 (2023)

20 +

5.02 TeV
WEE

ATLAS data

3.2 Pseudorapidity distributions for p-Pb and Pb-Pb @ 5.02 TeV

Three-sources Relativistic diffusion model with color-glass (CGC) initial conditions

> Gluon-gluon source d>N", 2 a,(m})
(kr-factorization) dydp:  Cr m
PT
x[) dky [N1@1 (x1, k)2 (x2, Ipr — kr|*)

+ NzQO?.(xz, k%)%(xl s Ipr — lez)]

0 : —
60 |- TTT\U\W} p-Pb
i % ALICE data
810 a1
:
ol - s » Quark-gluon (“fragmentation”) sources
e i ) d>N" K 1 ['dz
q8 o g 2
. dyd?pr — (2m)> m} L z Divalz. )
2000 |- oo :EI_CI:DEbdata X x'fq/P(x' ’ Q})Qﬂ(xz, qu)’
' 1 » Time evolution of the fragmentation sources towards partial equilibrium is
modelled by a linear Fokker-Planck equation (with p; integrated out)
d 92
—R,t)=——[JOWMR G, )]+ Dy—R (1),
ay T ady-
D .
sinh(y)

1600 |
1200
800

400 -

at
Jy)=—

> Use an effective Jacobian transformation y->n with an average mass <m>, <p>
13

P. Schulz, G. Wolschin, Phys. Rev. C110, 044910 (2024)



Overlap of the thickness functions in the transverse plane for p-Pb

ty
Thickness functions
Lead Proton
= Op(t:2,2%) = [ dapn([bs — 7).
X
Opu(ti2,2%) = [ dapou(al),
Drift and diffusion of the fragmentation Overlap function

sources
Oppb(b; 2, 2%) = 0, (b; ', 2°) x Opp(b; ', 2°)

5% 5.02 Te Most of the system remains ‘cold’: T<<Ty, but the temperature in
6o r p-Pb the overlap zone in central 8.16 TeV

p-Pb is T= 460 MeV, from Y suppression analysis

in p-Pb @ 8.16 TeV, see

Heidelberg model:

F. Nendzig, GW, Phys.Rev. C 87, 024911 (2013); J. Phys. G 41, 095003 (2014)
J. Hoelck, F. Nendzig, GW, Phys.Rev. C 95, 024905 (2017)

V.H. Dinh, J. Hoelck, GW, Phys. Rev. C 100, 024906 (2019)

G. Wolschin, Int. J. Mod. Phys. A35, 2030016 (2020); Universe 6, 61 (2020)




AN/

Centrality dependence of RDM results in p-Pb at 5.02 TeV
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P. Schulz, G. Wolschin, Phys. Rev. C110, 044910 (2024) 15



3.3 Centrality dependence of the gluon saturation scale in p-Pb at 5.02 TeV and 8.16 TeV

0.05+

QI (b) = Q5 (b) AP

p-Pb |

» The charged-hadron production data in p-Pb require

Wl 5.02TeVATLAS | a strong centrality dependence of the gluon saturation scale

0.01} S.02TeVALICE | 5 The central-collision value of Qq? is below what is expected
I 8.16 TeV ALICE | !n a nu'CIeus from HERA e-p data (Q02=0097 Geyz, 7\,=0288),
L ‘ ‘ indicating that a ~A'® dependence likely overestimates the
2 S 10 20 gluon saturation scale in a nucleus

Npart

ISMD_2025 P. Schulz, G. Wolschin, Phys. Rev. C110, 044910 (2024) 16
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Figure 3: Calculated pseudorapidity distributions of produced charged hadrons,
solid curves) in p-O collisions at /syy = 9.618 TeV for seven central-
ity classes and minimum bias (0-100%). The dashed curves show charged
hadrons (pions, kaons, protons, and their antiparticles) from the central gluon-
gluon source, the dotted curves are the ones from the respective forward- and

Niab

backward-going fragmentation sources.

3.4 Prediction for charged-hadron production in p-O @ 9.62 TeV

» Contribution of the central source more significant than in p-O

» contribution of the central source in all other centrality classes
is determined by assuming the same decreasing behavior
as observed in p—Pb collisions at 8.16 TeV

» The p-going production amplitude is rising for more peripheral
collisions as in p-Pb, but there is no amplitude inversion relative
to the backward-going source in very peripheral collisions

central source

12}
Min.bias 0O-going
p-O s 8l
3 .
= p-going
ke
4,
0
ISMD_2025 L. Konrad, G. Wolschin, in preparation (2025) 17



4. Summary and Conclusion

Local thermalization of quarks (teq%<1 fm/c) and gluons (t,,2<0.1 fm/c) is accounted for
analytically in a nonlinear diffusion model

A nonequilibrium-statistical model for net-baryon transport (“stopping®) through the interaction of
valence quarks with gluons agrees with SPS and RHIC data. At LHC, measuring the stopping peaks
would give access to the gluon saturation scale. This requires PID at forward rapidities 5<y<8

Charged-hadron production is accounted for in a three-sources relativistic diffusion model.
Comparisons with p-Pb and Pb-Pb data from LHC are presented

For very peripheral asymmetric collisions (p-Pb @ 5.02 TeV), the yield in the p-going direction
becomes larger than the one in the Pb-going direction due to the stronger gluon field in the
heavy nucleus. The impact-parameter dependent gluon saturation scale can be inferred from
centrality-dependent hadron-production data

A prediction for charged-hadron production in p-O @ 9.62 TeV is made

ISMD_2025 18



Thank you for your attention !
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