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Relativistic Heavy-Ion Collisions

Early Universe
: Future LHC Experiments
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Relativistic Heavy-Ion Collisions

Nuclei at 99 % [Quark e Plasma] [ Hadronic } [Measurable Fragments}

speed of light Rescattering in the detector
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1. Hydrodynamization largely wash out details of pre-eq evolution
2. Pressure gradient driven expansion — Initial-Final stage mapping .



Relativistic Heavy-Ion Collisions

Nuclear structure Initial state Final state
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Precise constrain on the nuclear structures
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Hybrid model valid

Light-Ion
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Applying Hydrodynamics in Small Systems
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Validaty of Hydrodynamics
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» Large Deviations from Equilibrium
Initial anisotropic expansion

Small system size

Large shear viscous correction

» Extending the Applicability of Hydro
Attractor behavior
Resummed hydrodynamics
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Viscous Anisotropic Hydrodynamics

» Redecomposition of THv:
TH = Eutu’ + Prztz” — PLEM + 2W ") 4 oh?,

Pressure Residual
Anisotropy Shear Stress

» Redecomposition of viscous term
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Viscous Anisotropic Hydrodynamics

» Redecomposition of THv:
T = Eili” 4P abs” P EM 4 QWi‘;z”) + 7,

Pressure Residual
Anisotropy Shear Stress

» Redecomposition of viscous term

1
" = 3 (Pr — Pr)(22"2" + E*) |+ oW “2") + nh”

1
I = g(‘PL e 2PT) — Peq

» Anisotropic particle distribution:
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Viscous Anisotropic Hydrodynamics

» Redecomposition of THv:
T = Eili” 4P abs” P EM 4 QWE‘;z”) + 7,

Pressure Residual
Anisotropy Shear Stress

» Resummation over different orders
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Model Framework

Trento-3D

1S3D, ani

» Initial energy deposition
Etot — Efb + gfrag,A o Sfrag,B

» Hydro evolution
I e (ot Pynt o 11)
T,uv ~ ((c:j ?Lp; PL& PT: W_]’szﬂ WjL_V)

» Particle Sampling
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» Hadronic afterburner
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Simultaneous Description for pp & pPb collisions
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Same 1nitial configuration (nucleon width, subnucleonic fluc, entropy fluctuation)

Same relaxation time (controlled by n/s and (/s) and transport coefficients

Same freeze-out temperature

6
N

Different 1, count for non-hydro contribution in p+p « early stage dynamics affect <p>
Good description for both the two systems

Zhao, Y. Peng, U. Heinz, H. Song. arXiv:2509.03841 & Paper in preparation
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Collectivity from two particle correlations
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Good description for two particle correlation up to <N > ~ 20

V,/V5 ratio ~ microscopic details of the system
Zhao, Y. Peng, U. Heinz, H. Song. arXiv:2509.03841 & Paper in preparation
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Collectivity from four particle cumulants
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The c,{4} signs in two collision systems are well reproduced.
Quantitatively smaller flow magnitude than experimens.

— Initial stage correlation & non-flow effects should be included in the future work.
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VAH v.s. VH
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VAH v.s. VH
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Isotropization in p+p Collisions

<P, /P>, VAH, pp 13TeV
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VAH extends reliable description to low-multiplicity systems.
Anisotropic evolution well captured by VAH
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Isotropization in p+p Collisions

<P, /P>, VAH, pp 13TeV <P, /Pt>, VH, pp 13TeV
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VAH extends reliable description to low-multiplicity systems.
Anisotropic evolution well captured by VAH but not by VH.
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Isotropization in p+p Collisions

<P, /P>, VAH, pp 13TeV <P, /P>, VH, pp 13TeV 0.3

T, (2062) vif2)x2) vif2) 1
e £ BT E VAHPTB
o 0.2F.. ~VHPTB -
e B~ ey - pp, (s=13TeV
T preparme Lo -

2

— VAH PTB
- VH PTB

5
sof(so)
Low dN/dn High dN/dn Low dN/dn High dN/dn R 6 3
——
N/ (N,

VAH extends reliable description to low-multiplicity systems.
Anisotropic evolution well captured by VAH but not by VH.
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Isotropization in p+p Collisions

<P, /P>, VAH, pp 13TeV <P /Pr>, VH, pp 13TeV Validity: Re-1<<1
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How the evolution changed?

©* MADAlus
1-2 fm/c 3-4 fm/c 10-20 fm/c

1. Competiable evolution time between pre-equilibrium stage and hydro stage.
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How the evolution changed?

1-2 fm/c 3-4 fm/c 10-20 fm/c

1. Competiable evolution time between pre-equilibrium stage and hydro stage.
2. Uncertainty from pre-eq stage will mimic initial conditions
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How the evolution changed?

1-2 fm/c 3-4 fm/c 10-20 fm/c

1. Competiable evolution time between pre-equilibrium stage and hydro stage.
2. Uncertainty from pre-eq stage will mimic initial conditions
3. Non-eq state reached 1n the final stage then affect hadronic phase

Collision rate

‘ Entropy production

Additional decorrelations

24



Dispersion relation in VAH

Start from the VAH equations (conformal, drop 6f):
w9, ¥(z) = F(¥(x))  ¥(z)=(€,Pr,u)’

With the linear response,

= 4
A\Ij(p) — 0, 1_'.?((‘“"51 kzjgj ﬂfL) Nd@tAN ZFH(QijZJH)wﬂ
n=0
Critical points are determined by: gﬁund modde:12
car mode.
P(w,k* 6,a1) =0, 0, P(w, k2,0, ar) =0 Gapped mode: 1

To determine k.(ay, 9): o Ol

T/ Bz

Q(k*,0,01) = Disc, P(w, k*,0,ar) = 0
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Case I: Isotropic Perturbation Limit (Conformal)

Location of critical point:

o 27 7 9’2:(23 — —_
L = P; /P decrease, k,=k =k
kD'Y — 45]__\’ k:l:"}’ :FSCE __51—13 L T 9 X y Z
: : S 1.00 0.84 0.70 0.56 0.44 P%/Bgf 0.22 0.13 0.06 0.02
For realistic collision systems: e

= |kp,|/b

> Dominate by shear & gap I [ T
collisions n Sound & Gapped P, /P.=0.18
> Anisotropic expansion increase | a,=0.37
convergent radius =
System — extremely anisotropic
> Sound based collision dominate. - Anisotropic expansion
)

100 090 080 070 060 050 040 030 020  0.10
ar,
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Case II: General Case (Conformal)

0 dependence: |
—kc1/b tan 6 kT/k

Critical point — Critical line | Kb

(Three collision cases) kcsf b
polar angle affect the large-k 2 |
behavior

BTARER
Sound &

Shear & gapped
caillishon (£2) mode collision (*1)

gapped mode
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Case II: General Case (Conformal)

0 dependence:
Critical point — Critical line =

(Three collision cases)

polar angle affect the large-k L % WAV R

------

tan €)=ikT/kZ

_________
...........

______
-----------

With proper choice of 1,

T — f(OfL)5_n o] EE— __ (IL=02 ..... a L=10’T:n:3’kc,1 ...............
T As L =02 ey 310,75 K,
validity still preserved when I e = = B
<< 0 01 02 S 04 05
(P /Pr)y << 1 o
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Validity of hydrodynamics

VAH:

1. Phenomologically valid

2. P /Pt & inverse Reynold number well controlled

3. Convergent radius still large enough 1n anisotropic expansion

VH:

1. Phenomologically valid?

2. Negative P; /Py, large inverse Reynold number

3. Cannot apply to highly anisotropic expanding system.
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Mid-rapidity

Forward rapidity

>@

Ultra-forward
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Oppotunities for Constraining PDFs/nPDFs

1e high-lumi LHC

CMS 5 ig. adapted from CERN-LHCC-2020-009
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LHCb & Upgraded FoCal detector provides unique chance for
probing and constraining small-x physics.
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Theoretical development 1n the last few years
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Model setup

For dilute-dense system:

Determing number of

dO'DHJ K oy Z 5 scattering Ng..
= X1 Jifo 61, O )N (X2 P
dydepr ~ np 2 g M EPCIMEPT o T et
’ ¥
For dense-dense System: Hard Scattering Sampling
2
dTky = K 1 (0-0) f Pk ag (Q12VI) Soft Process: y
dyd’py 2Cf p2.\ 2 | Quark Exchange ISR & FSR
p + k D L Model
T T T — AT
X@x1, ——F—)px2, ——), —
2 s Assign Remnants
. Ki ti
rcBK ICs and evolution il
r’Q%)? (1 N ti
NF(r-,-XO) =1- exp _# In (_ +e,- 6) " scat UMES
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MV¢€ 1 0.060 0.241 18.9 Zhao, H. Fujii, T. Hirano, K. Itakura, Y. Nara, paper in preparation 33




Calibrate the Soft Parts

18 B
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Good description for the existing soft part physics.
W. Deng, H. Fujii, T. Hirano, K. Itakura, Y. Nara, Phys.Rev.D 91 (2015) 1, 014006 34

Zhao, H. Fujii, T. Hirano, K. Itakura, Y. Nara, paper in preparation



pr Spectra in RHIC and LHC
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Correctly reproduce the asymptotical behavior with MV initial condition.
Hard to distinguish MVr and M Ve 1nitial condition, except in high p; region.

W. Deng, H. Fujii, T. Hirano, K. Itakura, Y. Nara, Phys.Rev.D 91 (2015) 1, 014006
Zhao, H. Fujii, T. Hirano, K. Itakura, Y. Nara, paper in preparation
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Dense-Dense v.s. Dilute-Dense Framework
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With fixed normalization K, k factorization can have better description
power than DHJ in the mid-rapidity.
p+p (@ mid-rapidity dense enough? More investigation needed

W. Deng, H. Fujii, T. Hirano, K. Itakura, Y. Nara, Phys.Rev.D 91 (2015) 1, 014006 36
Zhao, H. Fujii, T. Hirano, K. Itakura, Y. Nara, paper in preparation



Conclusion

» Heavy-ion collision (@ mid-rapidity
Well known dynamics, Quantitative constrain on nuclear structure
Fruitful calibration on nuclear shape, nucleon correlations and shape fluctuations.

» Towards smaller collision system

Validity of hydrodynamics questionable

Pre-equilibrium stage may be significant

With VAH framework: well description for smallest collision system, large
convergent radius when (P;/Pr), << 1

» Towards forward rapidity
Uncertainty from pre-eq stage: Existence of CGC medium?
More info may be obtained from beam remnant
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Conclusion & Outlook

» Heavy-ion collision (@ mid-rapidity
Well known dynamics, Quantitative constrain on nuclear structure
Fruitful calibration on nuclear shape, nucleon correlations and shape fluctuations.

» Towards smaller collision system — Extension to light-ion

Validity of hydrodynamics questionable

Pre-equilibrium stage may be significant

With VAH framework: well description for smallest collision system, large
convergent radius when (P;/Pr), << 1

» Towards forward rapidity — Extension to p+A, light-ion and heavy-ion
Uncertainty from pre-eq stage: Existence of CGC medium?
More info may be obtained from beam remnant
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More on collectivity: Flow Correlations

p+p 13TeV
| VAH, SC, {4,2sub}
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CMS, SC, {4}

I L L 1 I 1 1 L I
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0 > 4 6 8 0

N/ <N,

For p+p:
Consistent with zero with large error-bar.
Discripancy arise from experimental side.

4 6 8
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More on collectivity: Flow Correlations
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For p+Pb:

Correct sign produced in high multiplicity
Consistent with ATLAS & CMS predictions

Zhao, Y. Peng, U. Heinz, H. Song. Paper in preparation



Collectivity in Small Collision Systems?
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Case II: Anisotropic Perturbation

Im(w,)/b

Sound & Shear &
gapl.:)e.d mode aeaz d Well controlled large-k
collision (*2) 1%1 5 c];)e behavior

collision (*1)

44

Zhao, et. al. Paper in preparation



Case II: Anisotropic Perturbation

Sound & \

gapped mode Shear &

collision (*2)  &apped
mode

collision (*1)

Zhao, et. al. Paper in preparation



Case II: Anisotropic Perturbation

Sound & \ o ,
sapped mode Shear & Mode spllttlpg: shift from
collision (*2) gapped the prppagatlng &
mode damping coupling to well
collision (*1) separation.

46
Zhao, et. al. Paper in preparation



Case II: Anisotropic Perturbation
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Zhao, et. al. Paper in preparation
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Mode splitting: shift from
the propagating &
damping coupling to well
separation.
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With proper choice of 1,
validity still preserved
when (P /Py), <<1
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[sotropization: Heavy-lon, Light-Ion, p+p

Pb+Pb, LHC

Heavy-1on collisions: Fast thermalization, Near-isotropization.

49
Zhao, Y. Peng, U. Heinz, H. Song. Paper in preparation.



[sotropization: Heavy-lon, Light-Ion, p+p

Pb+Pb, LHC 0, LI

E—F—4-20 05 ! —8§—6—4-20 05 1

Heavy-1on collisions: Fast thermalization, Near-isotropization.
O+O collisions: Critical case.

50
Zhao, Y. Peng, U. Heinz, H. Song. Paper in preparation.



[sotropization: Heavy-lon, Light-Ion, p+p

Pb+Pb, LHC (0. LG

CRLE AT 05 i

—8—6—4-20 05 1 —8—-6—4-20 0.5

Heavy-1on collisions: Fast thermalization, Near-isotropization.
O+O collisions: Critical case.
pt+p collisions: Remain anisotropic.

51

Zhao, Y. Peng, U. Heinz, H. Song. Paper in preparation.



Attractor behavior of VAH
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Particle production & Attractor solution perfectly match the Boltzmann solution

D. Bazow, U. W. Heinz, M. Strickland, Phys.Rev.C 90 (2014) 5, 054910
M. Strickland, J. Noronha, G. Denicol. Phys.Rev.D 97 (2018) 3, 036020
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wy = ek —iTk? + O(k3),
wp = —iDk? 4+ O(k3),
w- = —3ib + ivk* + O(k?)

—~

e Sound mode: w4 = *ecgk

e Diffusion mode: wp = —% + %\/27 — 40T k2

1 e

=l =8 [ + x4 T =], [ * O mots ey =3 31 V27 — 40T k2
1

Ll = z_b(ri — Tl — )

Y= é (5 +T)(1 = x) = 2(c +T2)x]
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Hard Parton Production

rcBK ICs and evolution rcBKICs y Q% (GeV?) Agep (GeV) e
(1202} : MV 1 0.200 0241 2718
Np(r,xg) =1—exp |- S0 In (_ +e. - é‘) MVY  1.101 0.157 0.241 2.1185
4 Ar MVe 1 0.060 0241 189

Oy S (x, ) = f Pz Kee(@,,2) S (@,2)S7 (2,9) - $7 (@, )|

For dilute-dense system:

dO‘DHJ K an

2
P > E - X1fiyp(x1, Q7)Ni(x2.p7)
dyd*pr (2m)* 2 el

For dense-dense system: T 0
do, _ K 1 ("O)Zfdzk as(Qiy) v / T
dydsz 2CF p% 2 T s M

pr + kr pr = k':r)
2 2 ’

W. Deng, H. Fujii, T. Hirano, K. Itakura, Y. Nara, Phys.Rev.D 91 (2015) 1, 014006 54
Zhao, H. Fujii, T. Hirano, K. Itakura, Y. Nara, paper in preparation
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Radiation Process & Multi-parton Generation

» ISR & FSR share very similar formalism but with reversed process:

W. Deng, H. Fujii, T. Hirano, K. Itakura, Y. Nara, Phys.Rev.D 91 (2015) 1, 014006 55
Zhao, H. Fujii, T. Hirano, K. Itakura, Y. Nara, paper in preparation



Radiation Process & Multi-parton Generation

» ISR & FSR share very similar formalism but with reversed process:
» Multiple independent hard scatterings

. N 'k nkk
# of hard scattering Pny= F(kgl“(-;? - ((n(;i -

W. Deng, H. Fujii, T. Hirano, K. Itakura, Y. Nara, Phys.Rev.D 91 (2015) 1, 014006
Zhao, H. Fujii, T. Hirano, K. Itakura, Y. Nara, paper in preparation
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Fragmentation and Remnants

» Remnants are connected to the produced partons

®
- (1=x)" Q:\'
(x2 +c2. )bx/2 ® ‘@ @

min

W. Deng, H. Fujii, T. Hirano, K. Itakura, Y. Nara, Phys.Rev.D 91 (2015) 1, 014006 57
Zhao, H. Fujii, T. Hirano, K. Itakura, Y. Nara, paper in preparation



Fragmentation and Remnants

» Remnants are connected to the produced partons

@
. (=g Q:\'
( 2 4 2 )bx/Z
xX°+é& e @ -@

min

» Fragmentation is performed by Lund-String framework:
Each partons are connected via color strings
Lund string fragmentation will introduce additional pT modification:

2

f(z,pT) ~ 4 _Zz)a exp ( — @) exp ( = p—’g)

a

TMD like FFs Gaussian kick

W. Deng, H. Fujii, T. Hirano, K. Itakura, Y. Nara, Phys.Rev.D 91 (2015) 1, 014006 58
Zhao, H. Fujii, T. Hirano, K. Itakura, Y. Nara, paper in preparation



Light-Ion Collisions

arXiv: 2509.06428
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VH, small-mass, (P, /P;),=0.4, 10=0.12 fm/c, (n/s)min=0.16 VH, m(T), (P./P1),=0.4, t0=0.12 fm/c, (n/s)min=0.16

QG_—""I T T | = 1 /‘:':(_2\6_—""| | | A 1 -~
£ T ] =, E ) =,
= [ . o K 15 - a
o 5F J s & o sF o5 &
| o = . e L o
ar = 10 af- 3 o
[~ - B || -h -_
I : E - :
2 ~ - 2 =
4815 i =
1 1 L 1 I L 1 1 1 I 1 [ 1 1 I 1 1 [ L I L L 1 1 I- - :l 1 1 1 I 1 1 1 L I 1 1 1 1 I 1 1 1 L l L L 1 1 l: .
% 1 2 3 4 § - % 1 2 3 4 5§ -
SRACW, Sy/(s,)

60



VAH, small-mass, (P, /P),=0.4, 10=0.12 fm/c, (n/s)min=0.16 VAH, m(T), (P./P;),=0.4, 10=0.12 fm/c, (n/s)min=0.16
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<1-O(P,/P;)>

VH, small-mass, (P, /P;),=0.4, 10=0.12 fm/c, (n/s)min=0.16 VH, m(T), (P./P1),=0.4, t0=0.12 fm/c, (n/s)min=0.16
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<1-O(P,/P;)>

VAH, m(T), (P./P;),=0.4, 10=0.12 fm/c, (n/s)min=0.16

VAH, small-mass, (P, /P),=0.4, 10=0.12 fm/c, (n/s)min=0.16
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<Ren-1>

VH, small-mass, (P, /P;),=0.4, 10=0.12 fm/c, (n/s)min=0.16 VH, m(T), (P./P1),=0.4, 10=0.12 fm/c, (n/s)min=0.16
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<Re 1>

VAH, small-mass, (P, /P;),=0.4, t0=0.12 fm/c, (n/s)min=0.16 VAH, m(T), (P./P;),=0.4, 10=0.12 fm/c, (n/s)min=0.16
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<Regm_ >

VAH, small-mass, (P, /P;),=0.4, t0=0.12 fm/c, (n/s)min=0.16 VAH, m(T), (P./P;),=0.4, 10=0.12 fm/c, (n/s)min=0.16
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