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From Lead-Lead to Proton-Proton at the LHC

Pb—Pb collision at the LHC, soft physics
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One of the most successful models are introduced via the following effective theories

Color Glass Condensate Causal Hydrodynamics Hadronic Gas Cascade

Pb—Pb, U-U, Au—Au, Xe—Xe, Ru—Ru, Zr—Zr, Cu—Cu, O-0O, Pb—p, p-p
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Particle correlation, Collective evolution, Initial Geometry
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Nucleon structure

electron ?=-¢
»> A well known method is Deep Inelastic Scattering.

» We gain information about the partons (quarks and gluons) momentum
distribution in the longitudinal direction.

> Factorization of non-perturbative and perturbative part:
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Nucleon structure

»> A well known method is Deep Inelastic Scattering.

» We gain information about the partons (quarks and gluons) momentum
distribution in the longitudinal direction.

> Factorization of non-perturbative and perturbative part:

do(pte—etX) ., ) o [do(e+g—e+q)
dXdQ2 7;ﬁ(~’(¢Q )ql dXdQ2

» We extract PDF at a certain energy. The evolution is obtained by DGLAP
equation.
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Nucleon structure

»> A well known method is Deep Inelastic Scattering.

» We gain information about the partons (quarks and gluons) momentum
distribution in the longitudinal direction.

> Factorization of non-perturbative and perturbative part:
do(pt+e—e+X) ) o [do(e+g—e+q)
dxdQ? - Zf (. 0)a; dxdQ?

» We extract PDF at a certain energy. The evolution is obtained by DGLAP
equation.

Perfect for high-x physics!

small-x sector is important in heavy-ion collision
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Nucleon structure

»> A well known method is Deep Inelastic Scattering.

» We gain information about the partons (quarks and gluons) momentum
distribution in the longitudinal direction.

> Factorization of non-perturbative and perturbative part:

do(pte—etX) ., ) o [do(e+g—e+q)
dXdQ2 7;)‘;()(7Q )ql dXdQ2

» We extract PDF at a certain energy. The evolution is obtained by DGLAP
equation.

Perfect for high-x physics!

small-x sector is important in heavy-ion collision

At low-x, gluons are dominant.
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Valence quarks are classical color sources.
Gluons are classical dynamical fields.

Similar to an (non-abelian) electrodynamics problem with three
types of charges.
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[B. Schenke, Rept.Prog.Phys. 84 (2021) 8, 082301]

p-Pb collisions initial states
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» Thickness function T, = [dzp(x,y,z). Here p is density of the nuclear matter.
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Pre-equilibrium, Hydrodynamics
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State-of-the-art heavy-ion collision models
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Flow harmonics, (v, v, ), depend on the initial state parameters, transport
coefficients (n/s, §/s,...), ...

(sﬁl)vrﬁrln)sv' N )

collective evolution

L LI
- -
%
®

9/22



Flow harmonics in a nutshell!

(1) (1)

(& Trmss---)

e = N(pr) [1+ X5, 20, cosn(@ — v,)]] Ny

Flow harmonics, (v, v, ), depend on the initial state parameters, transport
coefficients (n/s, §/s,...), ...

9/22



Flow harmonics in a nutshell!

d*N
prdprd@

Flow harmonics, (v, v, ), depend on the initial state parameters, transport

=N(pr)[1+¥X

coefficients (n/s, §/s,...), ...

n=1

2v, cos[n(@—y,)]|

(2) .(2)

(&, Trmss---)

collective evolution

' el

o2, wi)

9/22



Flow harmonics in a nutshell!

g =N [1+ %

prdprd@

Flow harmonics, (v, v, ), depend on the initial state parameters, transport
coefficients (n/s, §/s,...), ...

n=1

2v, cos[n(@—y,)]|

e riimss---)

collective evolution

l ) 3

(vﬂ s Un )

9/22



Flow harmonics in a nutshell!

SN = N(pr) [1+ X5 27, cos[n(e — )]

Flow harmonics, (v, v, ), depend on the initial state parameters, transport
coefficients (n/s, §/s,...), ...

p(pr],vn, ¥, -

e riimss---)

collective evolution

l ) 3

(vﬂ s Un )

9/22



Flow harmonics in a nutshell!

SN = N(pr) [1+ X5 27, cos[n(e — )]

Flow harmonics, (v, v, ), depend on the initial state parameters, transport
coefficients (n/s, §/s,...), ...

p(U)T]aVna Y, - )

P Concentrate on a single harmonic flow amplitude p(v,),

vd2h = (202, vfa = (~0h 2022,

[Borghini, Dinh, Ollitrault, PRC, 64, 054901 (2001)]
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Theoretical models Vs experimental data

Initial state parameters

N(y/3nN) Overall normalization

p Entropy deposition parameter
w Gaussian nucleon width

Pre-equilibrium parameters
Tis Free-streaming time

Y Pb-Pb /sny = 2.76 TeV
ALICE <\ " run: 137171, 2010-11-09 00:12:13

QGP evolution parameters

n/s(T;) Minimum n/s(T) Experimental observables
(n/s)s1ope ~ Slope of n/s(T) above T, dN /dy Particle yields, 7=, k=, ...
(n/$)curve  Curvature of n/s(T) above T, (pr) Mean transverse momentum, =+, k*, ...
. va{2} Anisotropic flow two-particle correlation
ve{4} Anisotropic flow four-particle correlation

Hadronic gas evolution parameters

» What is the optimal value for the parameters to reproduce the experimental data, and how can we improve it?
» How much the models are applicable in small systems (Pb—Pb, Xe—Xe, ..., O-0, ..., Pb—p, p—p)?
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Model in the light of experimental data

> The initial the degree of belief to model parameters, prior distribution: P(theory)
> Likelihood: P(Data|Theory)
> Updated belief in the light of data. posterior distribution: P(Theory|Data).

Bayes’s theorem: P( Theory|Data) « P(Data| Theory)P( Theory)

Ref. [1]:
Shear viscosity Bulk viscosity
04 0.08
Posterior median
90% credible regi
03 90% credible region 0.06
2 02 = 0.0
= ). S 1
o1 / .
1/4
0.0 0.00 + - - )
150 200 250 300 150 200 250 300
Temperature [MeV] Temperature [MeV]

> Theoretical developments: collectivity [2], jet-quenching [3], nucleon substructure [4]

[1] Bernhard, PhD Thesis, arXiv: 1804.06469; Bernhard, Moreland, Bass, Nature Phys. 15 (2019) 11, 1113-1117
[2] Auvinen, et al., PRC 102 (2020) 044911, Nijs et al., PRL 126 (2021) 202301, JETSCAPE, PRC 103 (2021) 054904

[3]1 JETSCAPE, PRC 104 (2021), 024905
[4] Méntysaari, Schenke, Shen, Zhao, arXiv: 2202.01998

Measure

Calibrate

bl
HeE

Extract
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Many new measurements

Observable

Single-harmonic observables [1,2]  v{2}, ..., v7{2}

Symmetric cumulants [3] NSC(2,3), NSC(2,4), NSC(3,4)
Higher-order symmetric cumulants [4] NSC(2,3,4), NSC(2,3,5)
Symmetry plane correlations [2,5] D422, P5.235 P6,2225 P6,33
Non-linear mode couplings [2,6] X422y X523 X6,222> X633
Symmetry plane correlation (GE) [7]  (cos(4y, —4y4))GE, - - -

Asymmetric cumulants [8] AC, (m,n), ...
(vava) = () (V) (vivacos(4ys —4ya))
NSC =-na_man =
)=y M I

[1] Borghini, et al., PRC 64 (2001) 054901, ALICE Collaboration, PRL, 107 (2011) 032301, ALICE
Collaboration, PRL, 116 (2016) 13, 132302.

[2] ALICE Collaboration, JHEP 05 (2020) 085, ALICE Collaboration, 773 (2017) 68-80.

[3] Bilandzic, et al., PRC 89 (6) (2014) 064904, ALICE Collaboration, PRC 97 (2018) 2, 024906, PRL,
117 (2016) 182301.

[4] Mordasini, et al., PRC 102 (2) (2020) 024907, ALICE Collaboration, PRL, 127 (2021) 9, 092302.
[5] Bhalerao, et al., PLB, 742 (2015) 94-98, Yan, et al. PLB, 744 (2015) 82-87.

[6] Qiu, et al., PLB, 717 (2012) 261-265, ATLAS Collaboration, PRC, 90 (2014) 2, 024905.

[7]1 A. Bilandzic, M. Lesch, SFT, PRC 102, 024910 (2020)

[8] A. Bilandzic, M. Lesch, C. Mordasini, SFT, PRC 105, 024912 (2022)

01 F 02<p, <50GeVic .7
~0.12F |y <038 E
-0.14

E* ALICE Pb-Pb ys5,,= 2.76 TeV \ E

Ref. [4]

L 1 '
10 20 30 40 50
Centrality percentile

Ref. [2]

Vi = Vi +xa22V2 X4,22
(x2.0)

W ALICE 5.02 TeV

Pb-Pb \/syy = 5.02 TeV
0.4 < |5 < 08,02 <pr<50GeV/c
L ) |

Theory/Data

Centralitv (%)
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MAP parameters

Parameter Description Range MAP
N(2.76 TeV) Overall normalization (2.76 TeV) [11.152, 18.960] 14.373
N(5.02 TeV) Overall normalization (5.02 TeV) [16.542, 25] 21.044
p Entropy deposition parameter [0.0042 ,0.0098] 0.0056
O Std. dev. of nucleon multiplicity fluctuations [0.5518, 1.2852] 1.0468
a3 Minimum volume per nucleon [0.8893, 1.524%] 1.2367°
Tt Free-streaming time [0.03,1.5] 0.71

T, Temperature of const. n/s(T), T < T, [0.135,0.165] 0.141
n/s(Te) Minimum n/s(T) [0,0.2] 0.093
(M/$)stope Slope of n/s(T) above T, [0,4] 0.8024
(N/5)curve Curvature of n/s(T) above T, [-1.3,1] 0.1568
(8/5)peak Temperature of §/s(T) maximum [0.15,0.2] 0.1889
(8/5)max Maximum & /s(T) [0,0.1] 0.01844
(8/5)widtn Width of §/s(T) peak [0,0.1] 0.04252
Tswitch Switching / particlization temperature [0.135,0.165] 0.1595

(n/5)curve
(/9)T) = (/5)(T2) + (1/5)ae(T~T0) 7 )

(&/9)(T) =

(C/S)max

T/ e\
1*( @5 Jwian

)
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Posterior distribution
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Transport properties of QGP

TrENTo® Free-streaming ® VISH2+1 @ UrQMD

Ref. [2] Ref. [3]
0 0.30
90% credible region 90% credible region
0.25F tzﬂaﬁgn’::i‘:;‘s 2019 0.25 f-——rPosterior median
: 17755.02 TeV only

0.20f —Yem 0.20 Iumm
Lo1s
=0 0.15

0.10fp==""_ —=—=—=====7"777 7 B0 = —

0.05 0.05 >~

(Y1) N — ] ] 0.06 f—L ! 1 1

e
Calibrated to
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Significant improvement in uncertainties, especially in bulk viscosity.
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[1] Bernhard, et al., Nature Phys. 15 (2019) 11, 1113-1117.

[2] J.E. Parkkila, A. Onnerstad, D.J. Kim, Phys.Rev.C 104 (2021) 5, 054904.
[3] J.E. Parkkila, A. Onnerstad, SFT, C. Mordasini, A. Bilandzic, D.J. Kim,

arXiv: 2111.08145.
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Sensitivity index S, [x;] = 5 % of the input parameters
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Sensitivity index S, [x;] = 5
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Sensitivity index S, [x;] = 5
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Sensitivity index S, [x;] = 3

3.5
3.0 o (n+1)%/n?

25 * Simulation
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& 15} o« .,
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> Sensitivity of v,: Teaney and Yan [1] based
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inearly perturbed Gubser solution [2]:
(n+1)?
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Ps,33
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what about R,[{/s]?

[1] Teaney, Yan, PRC 86 (2012) 044908

[2] Gubser, Yarom, Nucl.Phys.B 846 (2011) 469-511
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Sensitivity index S;[xj] = & e

10&)-0()
)

| of the input parameters
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> Sensitivity of v,: Teaney and Yan [1] based on linearly perturbed Gubser solution [2]: i
- ===
2
an Svai(M/s] - (n+1)
(1)) ~wn(O) IS Infs] A o Ronfs) =S~ TG what about Ry[¢/5)2
Vn

[1] Teaney, Yan, PRC 86 (2012) 044908
[2] Gubser, Yarom, Nucl.Phys.B 846 (2011) 469-511
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Sensitivity index S;[xj] = & e

10&)-0()
)

| of the input parameters
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> Sensitivity of v,: Teaney and Yan [1] based on linearly perturbed Gubser solution [2]: i
- ===

2
—An*n/s 2 _ Sy, +1[77/S} (Yl+1)

vn(1/s) ~ vy(0)e nsoy Sy, /sl ~—An"n/s, — R,[M/s]= 75" /5] o what about R,[{/s]?

Vn

> Sensitivity of normalized symmetric cumulants:

NSC(m,n) = {na) — i) (72)

(Vi) v

)

)

= SNSC(mn)[M/5] ~ 04 non-linear!?

[1] Teaney, Yan, PRC 86 (2012) 044908
[2] Gubser, Yarom, Nucl.Phys.B 846 (2011) 469-511
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Maximum A Posteriori parametrization

Overall agreement, with only few discrepancies
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More plots in Refs. [1,2].

Centrality (%)

[1] J.E. Parkkila, A. Onnerstad, D.J. Kim, Phys.Rev.C 104 (2021) 5, 054904.

[2] J.E. Parkkila, A. Onnerstad, SFT, C. Mordasini, A. Bilandzic, D.J. Kim, arXiv: 2111.08145.
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Pushing the model’s limit to its extreme!

HUING @ 1 ® V|SH2+1 ® UrQMD IP-Glasma ® 1 ® MUSIC & UrQMD

Q«: PP Vs'=13'Tev'0.3< p "<'30 GeV iggE- \I/I\IISGHNIU' 0P POPb 5.02TeV W ALICE PbiPb 5,02 TeV |
> [ BATLAS, v.{2, TF) (-Para-)l ] [ —— = XeXe544TeV ¢  ALICE XetXe 5.46 TeV 1
0.081 .ATLAS V 2,Su Para-Il 0120 . 00 5.02 TeV ALICE p+Pb 5.02 TeV ]
[ ®mCMS, v, 42, 'Sub mPara-lll r pPb502TeV 4  ALICE ptp 13 TeV ]
3 |I|CMS, V 2,Sub Para-1V 1 0.10F pp 13 TeV — .
0.06 - r ]
C A2} ] 1
- ] _ 0.08] ]
0.04+ — S;:, o W e ]
L ] = 0.06[ of .
0.02f ¢ Vi) - i E
[ A4 ] = VR ]
oF v,{2}x0.2) 0.02f L%
i I P P IR I PR PRI B IR T E a)
20 40 60 80 100120140160 180200 0.00b ‘1‘(‘]1 B ‘1‘(‘)2 e ‘1‘[‘)3 -

Ref. [2] N, Ref. [1] Na(n| < 0.8)

> Pre-equilibrium dynamics is missing in these models.
»> The model predictions are worsen at lower multiplicities.
» Removing the non-flow effects are challenging, especially at low multiplicities.

[1] Schenke, Shen, Tribedy, PRC 102 (2020) 044905
[2] Zhao, Zhou, Xu, Deng, Song, PLB 780 (2018) 495-500
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Pushing the model’s limit to its extreme!

HUING ® 1 ® VISH2+1 ® UrQMD IP-Glasma ® 1 ® MUSIC @ UrQMD
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Ref. [2] N, Ref. [1] Na(n| < 0.8)

> Pre-equilibrium dynamics is missing in these models.
»> The model predictions are worsen at lower multiplicities.
» Removing the non-flow effects are challenging, especially at low multiplicities.

[1] Schenke, Shen, Tribedy, PRC 102 (2020) 044905
[2] Zhao, Zhou, Xu, Deng, Song, PLB 780 (2018) 495-500
18/22



Pushing the model’s limit to its extreme!

HUING ® 1 ® VISH2+1 ® UrQMD IP-Glasma ® 1 ® MUSIC ® UrQMD
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» Removing the non-flow effects are challenging, especially at low multiplicities.
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What is happening in small systems / low multiplicities?

Template Fit Low N« subtraction
T T
0.081 pp\s—13TeV 1PpIs=13TeV CMS 1
05<pT<5GeV ATLAS O:<D <°3(3eV
o~ EXPERTMENT o
Noosl ewmmmEEEmmmTa | ]
< _
ﬂ. ,/.. ee®e o
é\l‘aom + L] e
N J Weller, Romatschke ]
0.02 arXiv:1701.07145 ]
——— OSU IS + superSONIC ——— OS8SU IS + superSONIC
| | |
0 55 160 130 ) 50 100 150
N;ehc ’\f[flzlme

> In superSOINUC: as a pre-equilibrium stage T AdS/CFT
is matched to Thydro at Thydro-

> In 3DGlauber@MUSIC®UrQMD: A 3D dynamical initial

state is considered.

v

[Zhao, Shen Schenke, aerv 2203 06094]

3 ATLAS 3DGIauber+ MUSIC+ UrQMDA
012,23 v,f21 V2 i)
[ = eUPC — y*+Pb 894 G v<
= 0. 5 e
4 pH+Pb |5, = 5.02 Tev ]
7 0.08f PP S
= A ]
<0.06 3
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£0.04 E
0.02 P Qe @-----O-é
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IP-Glasma ® 1 ® MUSIC ® UrQMD
HIJING ® 1 ® VISH2+1 @ UrQMD
TrENTo® Free-streaming ® VISH2+1 @ UrQMD

MC-Glauber (OSU) ® Gage/Gravity ® VH2+1 ® B3D
3DGlauber@Dynamical IS@MUSIC®@UrQMD
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Small system and GubsHyd

[SFT, PRC 102 (2020) 024910]

pp collisions 0.3 < pr < 3 GeV/e Smaller v, Same multiplicity Larger v,
0.08 15 15
p-p. v2{2} p-p. v2{4}
4 CMS ¥ ATLAS
0.06 === GubsHyd == GubsHyd 10 T ‘\4 10
(=] (=]
- FeevE S A S
£'0.04 — = NS
s 5 500‘/\‘5/'/ 5
0.02 T //'
ol Z 2 0
0.00
20 50 100 200 0 5 }"/}"2)0 15 0
Charged-particle multiplicity
In GUbSHde T T T T T T
» The hydrodynamic evolution starts at 7t =const. Evidences: 0.15[- TRENTo«MISH@+1) ]
o Attractors in Gubser flow using Kin. Theory, w(Tt) = wq [1] \__gasrr;“ﬁ—\—:_—
» Non-hydrodynamic modes decay time: e~77 [2] 0.10F\[2-Glastra MU s
e “Inhomogeneous longitudinal cooling”!? [3] —
> Cold corona region contributes to the multiplicity. 0.051 /’SHyd ]
» Compared to T =const., less evolution time — smaller v,,. o sty paramd, pp 1 Ty
0.00 1.0 < pr < 4.0GeV # GubsHyd, param1, pp 13 TeV
. === GubsHyd, param2, p-Pb 5.02 TeV T}
| Il 1 Il |
[1] Behtash, Cruz-Camacho, Martinez, PRD 97 (2018) 044041 0 10 20 30 40 50 60
[2] Heller, Janik, Witaszczyk, PRL 108 (2013) 211602 Nch(|’7| <0.5)

[3] Ambrus, Schlichting, Werthmann, PRD 105 (2022) 014031
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v

Summary

Importance of observables to understand the models. We need to choose
cleverly!

Improvement of the transport coefficient uncertainties.

Including small system information into a Bayesian analysis needs a careful
consideration.

The pre-equilibrium dynamics could have a substantial influence in small
system collisions.

Outlook

Observables sensitive to initial state: isobar ratio
Collective models with dynamical pre-equilibrium
Framework beyond hydrodynamics in an event-by-event basis
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MAP parametrization

[ ALICE PbPb
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Posterior distribution
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Posterior distribution
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GubsHyd:

[SFT, Phys.Rev.C 104 (2021) 5, 054906]

A semi-analytical toy model based on the analytical Gubser hydrodynamic solution
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VALIDATION: MC-Glauber+VISH(2+1)
Vs MC-Glauber+GubsHyd

> Same initial state set for both and GubsHyd

Pb—Pb collision, \/syn = 2.76 TeV
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GubsHyd for small system collisions

We model the initial state fluctuation
We assume &, and ryms fluctuate as
follows:

Pinit(€2,7rms)

4
k-z(”mtarrms) _ |:rrmzs e*’?ms/20r2:|
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E €
g 2
ﬁ Then the two particle correlation is given
by
1 1cr
Pfinal(v2) ©

0 AN
0.1 05 1 5 10 50 100 v2{2} = ) G \/2(k3 (nntot, rms )
v{4} = o: [808) 42+ T5) ()| 4
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Two- and four-particle correlation of
proton—proton collision

[SFT, Phys.Rev.C 104 (2021) 5, 054906]

> By fitting the model to data, we obtain the free parameters:

pp collision, y/s = 13TeV
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The initial state fluctuation should has the following
properties:

oy ~ 0.4 [fm]
X 0e =~ 0.097
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Do AMPT (only for initial state)
and TgRENTo fulfill these conditions?

=0.4[fm =0.3[fm =0.2[fm =0.1[fm
1ol % (fm} 10 % {fm] 1ol % (fmJ 1o % tfml
0.5 0.5 0.5} 0.5]
E 00 E 00 E 00 E 00
05 05 05 ) 05 )
-1.0} -1.0} -1.0} -1.0|
Z10-0500 05 1.0 21070500 05 1.0 Z10-0500 05 1.0 21070500 05 1.0
x[fm] x[fm] x[fm] x[fm]
> To cancel out the effect of 1 o, we define I} = — ( 214 Yo gl
& - {2} T {2} . xao®
= p 5 = 13 Tev 'i(Eﬁﬁm'/gHNL’J ]
= E
o, [fm] GAVPT i) [SAVPT)  [(ANPT:Gubs SISk matias o, , NG ]
- 2 2 [ Ecms, ca Para-ll ]
L mPara-ll 1
0.5 0.48 0.53 0.80 G, ~ 0.4 [fm] 1op I 0.3<p, <3.0Gev/c WP ]
04 0.41 0.18 053 a3 1
0.3 0.35 -0.17 0.26 Fe ~ —0.75 : ]
[ - Cin - .
0.2 030 -0.48 0.01 MR O ]
£ + Y LR +]
0.1 0.26 -0.73 -0.20 E IR IRE

TENSION! e i 14 o0
A similar behavior is observed for TRENTo. )

11/11



	Appendix

