The standard model of high-energy nuclear
collisions

Jean-Francois Paquet
September 21, 2026 EMMI Workshop:

Light-ion collisions 2026

VANDERBILT
UNIVERSITY



Relativistic ion collisions: experiments

Relativistic Heavy lon Collider (RHIC, BNL) Large Hadron Collider (LHC, CERN)
Min detectors: sSPHENIX, STAR, [PHENIX] Main detectors: ALICE, ATLAS, CMS, LHCb

.~

LINAC . NERL &
’t\&sls_’;,jgf_‘i

T Ref i CERN
¢ 3L

Kinetic energy of nuclei ~ 104-10* times mass of nuclei In midrapidity region (LHC):

0(103) hadrons

Transverse momentum: ~ 0.5-1
GeV
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Relativistic nuclear collisions
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Relativistic nuclear collisions
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Standard model of relativistic ion collisions

Pb-Pb \/snn = 2.76 TeV
run: 137171, 2010-11-09 00:12:13

Effective QCD- e Effective QCD e Relativistic viscous e Relativistic

based field theory kinetic theory hydrodynamics hadronic transport
Parametric  Holography

models

(e.g. Glauber)
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Standard model of relativistic ion collisions vs data

JETSCAPE Collaboration, (2021) PRC, PRL

® Successful in describing broad sets of measurements 105, oy 10 oy
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Standard model of relativistic ion collisions vs data
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collisions” outperformed non-hydrodynamic
models



Standard model of relativistic ion collisions

Effective QCD- e Effective QCD e Relativistic viscous e Relativistic

based field theory kinetic theory hydrodynamics hadronic transport
Parametric  Holography

models

(e.g. Glauber)
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Late stage: hadronic transport

From : Dark blue: pions
https://smash- “

transport.github.io °° o % Light blue: kaons
d G . ¢ Gray:protons

" Implementations:
SMASH, UrQMD, JAM

= Physics inputs:

® |ists of resonances . Relativistic
" masses, widths, hadronic transport

cross-sections, ...

Mc’ss’t‘GeV)
0.35 0.7 ] 1.4
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Intermediate stage: hydrodynamics evolution

e Relativistic viscous
hydrodynamics

® Hydrodynamics description possible thanks
to separation of scales:

= relaxation time scale shorter than
evolution time scale

- Trelax < Tevolution (7)
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Intermediate stage: hydrodynamics evolution

5 Free-

Troty ol T streaming

5 f Relaxation time estimate ——

Tevolution
Inverse of expansion rate ——

e Relativistic viscous
hydrodynamics

® Hydrodynamics description possible thanks
to separation of scales:

= relaxation time scale shorter than
evolution time scale

. — ‘ —————— tau (fm) " Tretax K Tevotution (7)
0.1 0.5 1 ) 10
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Intermediate stage: hydrodynamics evolution

= CLVisc, MUSIC, VISHNU, SONIC, Trajectum,
vHLLE, CCAKE, ...:

= solve + same fluid equations

= differences possible in transport coefficients
and equation of state

= Some exceptions: Hydro+; Anisotropic hydro

Equation of state from lattice QCD

i

= Energy-momentum tensor: THY = eutu’ + (P(e) + ID) (g*V+utu’) + nHv
= Conservation of energy/momentum: 9, T*V =

= DNMR transient relativistic viscous hydrodynamics

TnAI;;ﬁaﬁ Ha*v =2 n(T)(0*uY + - )‘ + (2" order); Il +{l1 = —{(7) 9, uM|+ (2" order);
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Hydrodynamics evolution: what do we solve?

Mueller-Israel-Stewart-type hydrodynamics:

Conservation of energy and momentum: d, (eu*u” + (P(e) + I (u*u¥ + g*V) + n#v) =0

Evolution of bulk pressure: tIl + 1 = =6 — §ygI10 + A" 0,
Evolution of shear tensor: 7, %"} + h = 2no#V — 5. "0 + ¢, Ve — ¢t oV + A o™

Red=1% order transport coefficient; Green=2" order transport coefficient; Blue=Terms related to derivatives of the flow velocity

[Mueller (1967) Zeit. fur Phys; Israel&Stewart (1979) Ann. Phys.; see also Baier, Romatschke, Son, Starinets, Stephanov (2008) JHEP; Denicol, Niemi, Molnar, Rischke (2012,2015) PRD]

These equations can be coupled with:

- Additional conserved currents (baryon, electric, ...) [e.g. CCAKE]
- Electromagnetic fields

- Sources, e.g. energy deposition from jets
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Hydrodynamics to particles: "particlization”

" When to transition from hydrodynamics?
" Hypersurface? Hypervolume?

® Transition criteria?
d3k

THY =3 gnf (23 KO K*KY f,(K) Hadronic transport

= eutu¥ + (P + ID(g"*Y + utu? ) + n#v - ? *

2.5 |
i Hadronic
er!  matter
-2.5 ‘ -p

Transverse direction (fm)
o
o

-7.51 | ‘ |
107 100 10'

T (fm)



Hydrodynamics to particles: "particlization”

" When to transition from hydrodynamics?
" Hypersurface? Hypervolume?

® Transition criteria?
d3k

= annf (2m)3KO K*KY fu(K)
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Hadronic transport

= eutu¥ + (P + ID(g"*Y + utu? ) + n#v - ?

5.0 e

= f,(K) = function(e, u¥, I1, m#");

“n” is the hadron species 2.5

I 0.0
" Local equilibrium:

-2.5
= Fermi-Dirac (baryons); Bose-Einstein (mesons)

Transverse direction (fm)

® Qut-of-equilibrium: not unique

-7.5

B e

i Hadronic
r:  matter

‘ :

= Models like Chapman-Enskog, Grad’s 14 moments, ...10”

100
T (fm)
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Before hydrodynamics: initial conditions and early stage

= Distribution of Initial Early
protons/neutrons (or color | EELGELSELELI
charge) in nuclei, nucleus
deformation, ... Y Initial

—
= Parton distribution functions energy-
: momentum
= |nelastic nucleon cross- v
: tensor T
section
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Before hydrodynamics: initial conditions and early stage

Initial conditions

= Parton distribution functions

Distribution of
protons/neutrons (or color
charge) in nuclei, nucleus
deformation, ...

Inelastic nucleon cross-
section

QCD effective field theory approaches like color glass
condensate 0

Eikonal nucleon interactions > 0001
like Glauber models =————————> /( 5 »:?'
(e.g. Trento) d C 3

7 ,“
O
%
D)V A
T

-IOi\ -8 =6+ =4 (3

Perturbative QCD (e.g. EKRT) \\

Hadronic transport
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Before hydrodynamics: initial conditions and early stage

Initial Early dynamics
conditions

= Distribution of = CGC ® Classical Yang-Mills (IP-Glasma)

protons/neutrons (or color
charge) in nuclei, nucleus
deformation, ... = pQCD

® Glauber || ® Effective kinetic theory
(attractors, KoMPoST, ...)

. = Holography?
= Parton distribution functions || ® Hadronic grapny

= |nelastic nucleon cross-
section




20

Approach to hydrodynamics in lower dimension systems

= |n 0+1D hydro, we can characterize T*V with single component: energy density

= 0+1D dynamical models with smooth transition to hydrodynamics: Kinetic theory or AdS/CFT

Depends on relaxation time
necessary to converge to

hdeOdynamICS —

e
ot

©
N
]

Energy attractor: 74/3¢(7)

— (', = 0.87 QCD kinetics
- (' = 0.92 Boltzmann RTA
s Oy = 0.98 YM Kkinetics

-+ Cs = 1.06 AdS/CFT

free streaming
mm—7iscous hydro

Mazeliauskas,

Schlichting PRL 0+1D viscous

== All systems

converge to

hydro

(note: not all
systems have the
same final
energy density,
but this can be

=
o

1

= 7Tew/(41n/5)

10 rescaled)
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Initializing hydrodynamics vs transitioning to hydrodynamics

* Models of the pre-hydro do not generally approach hydrodynamics (or not fast enough):
= |P-Glasma, EKRT, PYTHIA , AMPT, URQMD/SMASH, Glauber/Trento+free-streaming, ...

= Practical test of smooth transition to hydrodynamics: :
Smooth if

Pre-hydro Hydrodynamics

Sameinitial{—— T*(X) T," (X) = T, (X)
conditions | p—————) mm———) T, (X)]  (or observables of

interest do not change)

= Extensive work on approach to hydrodynamics in kinetic theory and holography



If parametric ansatz:
normalization,
nucleon width,
fluctuations, ...
Models based on
effective field theory
have fewer

Standard model of relativistic ion collisions

Transition criteria * Shear and bulk viscosity
(e.g. initial time 1) (functions of temperature
and more)
e Other transport
coefficients?

Vigilance to avoid overfitting

22

Transition
criteria

(e.g. switching
energy density)



Beyond the current standard model of collisions

Based on figures by Derek Teaney, CMS Coll., MADAI, H. Elfner and J. Bernhard

» .« 2
8( - T N
?h s A
b a " odRe .7

Spatial anisotropy i Momentum anisotropy

Initial conditions :Early dynamics :

" Need (i) smooth transition between stages of collision, and
(ii) convergence between models

and/or

® Need to consider a more limited set of observables

[ Analogy: inclusive and exclusive observables in proton-proton collisions ]

23



CMS Event display of ‘(111," in calorimeter

b
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Spatial anisotropy A s Momentum anisotropy

SUMMARY




Summary

" There is a phenomenologically successful standard model of ion collisions

Initial conditions Early dynamics

" There has been both steady progress ...
" Understanding of approach to hydrodynamics, attractors, ...
" |nitial conditions for rapidity direction, charges, ...
= ..and stagnation...
= Space of initial condition models: IP-Glasma, Trento, EKRT, partonic/hadronic transport?

" Known uncertainties (e.g. initial models, particlization) not systematically quantified

25



Outlook

= “Standard model of ion collisions” seem to work rather well in light ion collisions

Initial conditions Early dynamics — —

" Are model uncertainties bigger in light ion collisions?
" Perhaps we can turn a problem in an opportunity
= Rethink/improve model

= Rethink observables

26



QUESTIONS?

J-F PAQUET (VANDERBILT UNIVERSITY)
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BACKUP




Matching to hydrodynamics: review

= Smooth transition to hydrodynamics is desirable

= Large amount of literature on approach to hydrodynamics
= Mainly for 0+1D (boost invariant) systems
= Mainly for conformal systems

For heavy ion phenomenology:

= Need non-conformal studies

Pre-hydro phase Hydrodynamics
= More studies of 2+1D systems S

* For small system and /sy, needs:
= 3+1D (non-boost invariant)
= Baryon chemical potential
= And much more

Transverse direction (fm)

Hadronic

oS ii over maiter

10- 100
T (fMm)
J-F PAQUET (VANDERBILT UNIVERSITY)

10!

600
100

10

0.1

0.01

29
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Overlap of nuclei vs anisotropy of particle production

Elliptic transverse
momentum anisotropy

011 ALICE (2011)
- PRL 107
~~
\am
N\
Q0.05—
< Pb-Pb\/Syy = 2.76 TeV
\—/
~
[@\|
D
\
T @ @
O_""""""""“""'"“""""""'

centrality percentile

Spatial anisotropy Momentum anisotropy

J-F PAQUET (VANDERBILT) Based on figures by Derek Teaney; CMS Coll.



Momentum asymmetry needs interactions (and asymmetry)

01| ALICE (2011)
- PRL 107

o

o

a
T

Pb‘Pb \/SNN - 2.76 TeV

v2{2}(1An] > 1)

0O 10 20 30 40 50 60 70
centrality percentile

— 4

Time 1=0.8 fm

More spatial symmetry = less

momentum anisotropy ‘

J-F PAQUET (VANDERBILT)

Not enough interactions to
build momentum anisotropy
from spatial asymmetry
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Smooth transition between models and their viscosities

Early dynamics

Rose, Torres-Rincon, Schéfer,
Oliinychenko, Petersen (2018) PRC

10 ke

e Wiranata et al. [CE]

0.1t

[} Demir & Bass [Kubo & UrQMD)]
A Pratt, Baez & Kim [B3D]
| | Romatschke & Pratt [B3D]
——————— Rougemont et al. [Holo]
N e Ozvenchuk et al. [RTA & DQPM]
R N~ . esesescscees Moroz [RTA & UrQMD]

.
~. "%
.....

L L 1 L L
0.12 0.14 0.16
0.08

.Temperatu re [GeV]

Interacting hadronic gas for
T <~ 150 MeV

0.0

90% Credible Interval Prior
90% Credible Interval Posterior

0.125
T [GeV]

0.15 0.20 0.30

a0

Ghiglieri, Moore, Teaney (2018) JHEP

LO Hegep R

LO Hirs
NLO Hegep
0]_ ..... MR | PP | M
0.2 1 10 100 100(
T [GeV]

Weakly-coupled quark-gluon
plasma at high temperature
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Matchlng to 2+1D hydrod (}mamlcs the “KgMP@ST” approach

= Take a 2+1D pre-hydro system: how

es it approach hydrodynamics?

= Better approximation [KgMP@ST]: decompose T*V in 0+1D background + linear

T

1.0

0.4

Energy attractor: 74/ 36(’/") / (T 4 36)hydro

=
o

0.9 1
0.8 1

0.7

0.6 1

e (Thydro ) X)

Ref.: Giacalone,
Mazeliauskas,
Schlichting PRL
2019

{'

i /,/. ./:.
//

V7
r’

e (' = 0.87 QCD kinetics
== (C,, = 0.92 Boltzmann RTA
= C,, = 0.98 YM kinetics
cees O = 1.06 AdS/CFT

free streaming

m—iscous hydro

0.1 i
W = TTex/(4mn/5)

J-F PAQUET (VANDERBILT UNIVERSITY)

10

—T7

(Thydro) 9)
_X” d°x /G'uﬂ(x X, Thydro, TekT STO{ (Texr, X))
T, (Tekr)

Ref.: Kurkela, Mazeliauskas, Paquet, Schlichting,
Teaney PRL2019, PRC2019
Thydro ~ 1.0fm/c

/

Response functions describing

evolution of perturbations

= Can be evaluated with QCD
kinetic theory

= Also exhibits scaling with
interaction strength and energy
density of system

TH¥ (Thyd ro; X)

TexT ™~ O]. fm/C

[ See also Kamata, Martinez, Plaschke,
Ochsenfeld, Schlichting, PRD 2020 ]

1
|—| 2C(Thydro == TEKT)

>

2R ~ 10fm



Vs (P1)
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Models of mapping viscous hydro to momentum distributions
Hadronic momentum distribution

Ideal hydrodynamics & local thermal equilibrium Equilibrium: Fermi-Dirac (baryons), Bose-Einstein (mesons)
Viscous hydrodynamics & deviation from equilibrium / ?
= “14 Moments (Grad)” model and related [quadratic in P for shear viscosity]: See e.g. McNelis, Everett & Heinz
P) = P) + 1+ B(P)II + B.. P*PV CPC 2021; Dusling, Moore &
f( ) feq( ) feq( o feq)( H( ) T MV) Teaney, PRC 2010 for discussion
= “Chapman-Enskog — const Relaxation Time” [linear in P for shear viscosity]: and primary references
PHPVT
— ’ P BT Ty
f(P) = fug(P) + foq (1 % foq) ( BH(PIT + By ——2)
0.5 . 0.1
Dusling,Moore&  Ideal Ideal
0.4 'Teaney, PRC 2010 ] o8y
R N
03 | .+ Linear | 0.06 |-Quad, ™
’ N Linear
0o L ""___~\Quadratic_ 0.04
0.1 //’ \\\- 0.02
° 0 OI.5 I1 1I.5 I2 2I.5 23 3I.5 4 ° 0 5IO 1IOO 1I50 2I00 2;'50 3I00 3I50 400

prlGeV] [Chear vicco<itv anlv] Npart
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Models of mapping viscous hydro to momentum distributions

Fluid description Hadronic momentum distribution

Ideal hydrodynamics & local thermal equilibrium Equilibrium: Fermi-Dirac (baryons), Bose-Einstein (mesons)

Viscous hydrodynamics & deviation from equilibrium / ?

Recent developments:
= Quantifying effect of uncertainty on phenomeno. constraints on shear and bulk viscosity

0.4 A M =2I:4aAd . . . . . .
0.15 - 4 dewierE o Major theoretical uncertainties in
L "_PTB . .
16 0.3 phenomenological studies of
S 2 02 heavy ion collisions
0.05 - Sl _ -7
/ R e ki VU JETSCAPE Collaboration, arXiv:2010.03928
0.00 F====—""" , . o.o-’l'__l--"f-—l
0.15 0.20 0.25 0.30 0.35 0.15 0.20 0.25 0.30 0.35

T [GeV] T [GeV]



Models of mapping viscous hydro to momentum distributions

Fluid description Hadronic momentum distribution

Ideal hydrodynamics & local thermal equilibrium Equilibrium: Fermi-Dirac (baryons), Bose-Einstein (mesons)

Viscous hydrodynamics & deviation from equilibrium / ?

Recent developments:

= New approach: Everett, Chattopadhyay & Heinz, arXiv:2101.01130

Momentum distribution that maximizes the entropy given conditions on T*Y
3

d°P
T =Zgnf myipe PP fu(P)

(zijfpo PEfuIn fo + (1 £ f) In(1 £ £)]

What is f;, (P) that maximizes the entropy? 5(Su u“)/c?fh =0

Entropy current: s¥ = =Y g,
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Models of mapping viscous hydro to momentum distributions

Fluid description Hadronic momentum distribution

Ideal hydrodynamics & local thermal equilibrium Equilibrium: Fermi-Dirac (baryons), Bose-Einstein (mesons)

Viscous hydrodynamics & deviation from equilibrium / ?

Recent developments:

= Studying consistency of f;,(P) ansatz with simplified transport theories
= Molnar, arXiv:2012.1557:
effect of bulk viscosity in 1-component gas with isotropic 2 — 2 interactions
= Damodaran, Molnar, Barnafoldi, Berényi, and Nagy-Egri, PRC 2020:
effect of shear viscosity in 0+1D parton cascade
= See also
Molnar & Wolff, PRC 2017
Chakraborty & Kapusta, PRC 2017
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9 Free-
Initial State Relativistic Fluid [ e E?‘ streaming
of Relaxation time estimate ——
Inverse of expansion rate —
Tevolution 4
Prebequlllk?rlum Hadronization Trahéport/Frée‘zéfbtJt i S = \
ynamics SR e LA [ o Hydrodynamlcs?
| 0.5t / B Cin
0 ~1 ~10 ~20 Timet (fm [ \\
nls
_ Free-
08 streaming?
I 0.1
0.6 ‘ ‘ b 1 ——tau (fm)
[ 0.1 0.5 1 5 10
0.4 . .
_ * Free-streaming is (relatively) easy
0.2 | e Hydrodynamics is doable
e ' ' - T (GeV)

02 03 04 05 06 * Intermediate regimes are challenging
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Considering theoretical uncertainties of observables

" Viscosity is probed through the hydrodynamic phase

Early dynamics

a,T* =0; TH = eutu’ — (P(€) + ID(g*—utuY) + nhv

0.35 ~
0.30 -
=) g TP pupy £ ()
= _— 0.25 -
n / 0.20 -
N
Hadron momentum distributions; 0151
deviate from Fermi-Dirac/Bose- 0.10 1
Einstein distribution

0.05 4

0.00

Validating the idea with closure tests
90% C.I. (Prior) 0.4 -
=1 90% C.I. Grad
L—" 90% C.I. C.E.
0.3 A
N
~ ~ -~ - -
]| = D, S |
0.115 0.I20 0.I25 0.30 0.13:5 0.I15 0.120 0..I25 0.:30 0.5-35
T [GeV] T [GeV]

Derek Everett, J-F Paquet, Matt Luzum, unpublished
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Parametrization of the viscosities_

0.100 - \[/n
JAEVTSLAFE |
0.075 - Rl
(C/S)max- i
2 0.050 - < 0101
B ("/$)xink
1 —
6035 7% . 0.05 -
0.000 - : , 0.00 —— .
0.1 T; 0.2 0.3 0.4 0.1 02 T. 03 0.4

Jean-Francois Paquet (Duke)



Targeted observables

T
ALICE Coll. (2022) PLB

- V-USPhydro (ISE)
e IP-Glasma+MUSIC+UrQMD
' IP-Glasma+MUSIC+UrQMD (FSE only)

PURET SR S T S S SN N TN SR SN SN NN S S

0‘11.

7020

30

40

50 0
Centrality (%)

0.2,

56

CMS Event display of %{% in calorimeter

© RHIC LHC
A R
Ol
4 .
0.1 e
o
0-10% 0-5%
0.1 0.2 0.3 0.1 0.2
@ MC-Glauber(Npart) P MC-Glauber
B MC-Glauber(Ncoll) A MC-KLN
Vv DIPSY IP Glasma
O MCrcBK Allowed

Retinskaya, Luzum, Ollitrault (2014) PRC
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