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BIG PICTURE | HEAVY ION SIMULATIONS AND THE QCD MATTER PROPERTIES

e Extensive invesigation of the p, = 0 region of the QCD phase digaram
using model-to-data comparison in heavy ion collison simulations.
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AN OPPORTUNITY | LOCAL CHARGE FLUCTUATIONS AT LHC ENERGY

10F

\
Local baryon, strange, and electric BSQ charge fluctuations (Net=0)
J
e Charges are produced in early stages o H1 and ZEUS :
by gluon splittings into ¢g pairs. -8 ,, Q=10 GeV

ICCING model Carzon et al, PRC 105 (2022) T. Dore (Wed at 4:30pm)

Energy Density (GeV / fm’) Baryon Density (fm™®) Strangeness Density (fm™3) Charge Density (fm™)

¥ (fm)

—— HERAPDF1.0
- exp. uncert.
l:l model uncert.

- parametrization uncert.

12 -12 [
P | L 107
by » o » . :
S . LY _
-y tling o g Sy S 2N, [
’ s A" . " eV B
k LT - ® " . LS R i r
: s Woh® LI
"0 SR bl ST 102
. | ) L0

|||||

+ i 5 2‘2 10.3 il Ll Lol PRI
) " 5 3
x(fm) x(fm) 10* 10° 102 10" 1

- 0
X (fm)  (fm)

JHEP 109 (2010)

Studying charge fluctuations in the well controlled top LHC collider energy.
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https://github.com/pcarzon/ICCING

OPEN QUESTIONS | QCD AT FINITE CHARGE DENSITY

Initial state+pre-equilibrium:
e Do charge event-by-event fluctuations map into final charge and flavor
dependent correlations?. Is it an observable effect?
Hydrodynamics evolution

e What dynamical trajectories could the collision system explore due to the
hydrodynamics of local BSQ charge fluctuations?

e How robust is the thermodynamics of the LQCD EoS beyond pup =07.

Freezeout-+Criticality

e Can the initial BSQ local fluctuations reproduce a measurable charge fluc-
tuations at freezeout at LHC energy?
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FRAMEWORK |

Conserved ChArges HydrodynamiK Evolution CCAKE

e Smoothed Particle Hydrodynamics simulation with charge fluctuations.

e First implementation of lattice QCD EoS at finite BSQ charge density.

e Open Source Code based on vUSPhydro with NEW upgrades.

Dekrayat Almaalol UIUC


https://the-nuclear-confectionery.github.io/ccake-site/

THEORY | TRANSIENT MULTIPLE COMPONENT FLUID DYNAMICS

The state of the system is described by: ¢; = {u”, ¢, pg, IL, 7", 04} (¢ = B, S, Q)

D, T" =0  Energy-momentum conservation Maximum entropy principle
D,NH =0 Ch ti VS”ZLW ﬂ"“’—l—iﬂg—l— nint >0
piVg — arge conservation L 2?7T j% CT H’,qthQ pltgr =
IS Relaxation type equations vUSPhydro: Noronha-Tostler et al PRC 90, 2014

(DI + T16) 4+ 1 + ¢ = 0

4
T (/_\WQ,QDWC“’B - gwwﬁ) + T = 2001
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THEORY | TRANSIENT MULTIPLE COMPONENT FLUID DYNAMICS

The state of the system is described by: ¢; = {u”, ¢, pg, IL, 7", 04} (¢ = B, S, Q) New DoF!
D, T" =0  Energy-momentum conservation Maximum entropy principle
D,NI'=0 Charge conservation VSt = LW T + L1_[2 + ;nqn‘u >0
nla & T ™ (T Fgg T2 "1 =
IS Relaxation type equations NEW: BSQ diffusion + non-linear coupling terms
Il + 1T = —(¢ + %_[H)Q — TBHHJF C; kN o — C%Hﬁ‘ ngw o, DA, Dore, Noronha-Hostler arxiv.2209-11210
——— — .
,@ dissipative couplings

Tt + Y = 2ot + — Tr pbvg + — i Y — _27752mv(“nu> + 2% nitwIge  — Mot oy, ,

2 26, " B N A i
B dissipative couplings
nh, 57 84 Al Y4
Tyl = Ry Vi + -2 6‘19—’;’; Byt — | Fag Ot 6ﬂﬂv*ﬂn+—"q‘fﬁ””v WL‘IB L Trsey + "‘”ﬁ TV,68 |

N /

~
ﬁ dissipative couplings
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STABILITY & CAUSALITY ANALYSIS| MULTI COMPONENT FLUID DYNAMICS

pr
vl VSt = ! oy Ly 1 >0
= T - =
VuNy =0 T T ""qu’TQ
Key: Dissipation drives the system to equilibrium as 7 — oo DA, Dore, Noronha-Hostler arxiv.2209-11210
Thermodynamics constraints 0z > L 0Ol Op >0
e+p Op|, e+p Os|, Os|,
Transport constraints S > 0 Br >0
2 2
Mixed constraints “n - _ (Ynr)? _ (Yom)? > (e +p) | T? 9s| Os Jop _1lop dap
2)\2 B Br Oz, Opl,, Os |, 4 0|, \ Op |,

Method: Gavassino, Class.Quant.Grav. 38 (2021)
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TESTING LATTICE EOS AT FINITE DENSITY

e 4D interpolation and root-finding:

Equation of State = Hydrodynamics fields
Polz, p.ps, pq) = Po(T, B, ps, 1iq)

-less than 5 — 10% at
-mostly at low T regions

C. Plumberg, DA | T. Dore , D. Mroczek , P. Carzon , J. Salina San Martin,

L. Spychalla ,

M. Sievert, and J. Noronha-Hostler, in preparation(2023)

- Pb-Pb 5.02 TeV |7 = 0.60 fm/c| t

PR
T

=
RN

—11.10 fm/c| A

tanh-

Y

conformal EoS

e

conformal EoS

conformal-
diagonal EoS

10
e Update to the EOS code 0-5%
5 L
Incorporate thermodynamics derivatives =
required by the hydro simulation: = 0
>
dw ow dy .
— — — —k) o
dr e O dr
e Fallbacks EoSs —107 .
Taylor expansion around pug =0 —10
Noronha-Hostler et al PRC 100 (2019), P. Alba et al., PRD 96(2017) T [fIIl]
PO(Ta!JB:.UQa#S) _Z 1 XBQS(”_B)”J(#_Q)J‘(&)J‘C
4 - TR ARSI
r 5,k %jk T T T Lattice-
based EoS
BQS _ IR (p/T)
ijk i ¢ By k

( valid only until about ( ug/T < 2))

OPEN SOURCE/ easily adapted to new EoS options
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¢

+1D DISSIPATIVE FLUID DYNAMICS WITH IDEAL BSQ EVOLUTION

s s v . Plumberg, DA | T. Dore , D. Mroczek , P. Carzon , J. Salina San Martin,
Conserved ChArgeS HydrOdynale EVOlutlon CCAKE %p\(h 1111 , M. Sievert, and J. Noronha-Hostler, in preparation(2023)
10°
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107!
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-10-!
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-10 2 0
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1 ] . 107! .
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https://the-nuclear-confectionery.github.io/ccake-site/

BSQ CHARGE CORRELATIONS | DYNAMICAL TRAJECTORIES 0-5%
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BSQ CHEMICAL POTENTIALS | FREEZE-OUT

Fluctuations of BSQ Charge fluctuations are preserved until freezeout! — 600
450 1 preliminary
e Deviations in the range of the p, at freezeout (100 — 200 MeV) 400 1 550
350 A
. 500
e Central events show larger fluctuations of charges at freeze-out _— _
ey >
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BSQ CHEMICAL POTENTIALS | FREEZE-OUT

BSQ Charge fluctuations are preserved until freezeout! T MeV]
130 135 140 145 150
e Deviations in the range (1) ro at (100 — 400 MeV) e —
N ey Pb-Pb 5.02 TeV
e Central events show larger fluctuations at freeze-out 0-5%
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How do these fluctuations manifest themselves in the final low?
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FLOW | OBSERVABLES AT LHC WITH CHARGE FLUCTUATIONS

C. Plumberg, DA |, T. Dore , D. Mroczek , P. Carzon , J. Salinas San Martin,
L. Spychalla , M. Sievert, and J. Noronha-Hostler, in preparation (2023)

. . 5000 T T T T T T T T T T T T
e prelimenary: out-of-the box comparison
i Model~to-dat = ALICE s =502TeV
show more sensitivity to BSQ charge eceioreem 0.08L wERE ]
Auctuations i tral collisions Pb+Pb (20-30%) = ICCING+CCAKE (1/s=0.5/47, ¢=0)
uctuatlons 11 central Collisions . 1000 9 TAENTO+CCAKE (1/5=0.5/47, 7<0)
T s00 ] 0.06F .
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~ >
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Charged spectra: s. Acharya et al. (The ALICE Collaboration) JHEP 1811 (2018) Minimum bias and Bayseian tools
Multiplicity: J. Adam et al. (The ALICE Collaboration) PRL. 116, 2016 are in progress run to Systematj_ca]]_y
Integrated vns: J. Adam et al. (The ALICE Collaboration) PRL. 116, 2016 constrain the model parametrs .
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CONCLUSIONS AND OUTLOOK

¢ BSQ Hydrodynamics theory:

Multi components Israel Stewart transient hydrodynamics including new coupling terms

e Theoretical consistency checks:

Linear stability and causality constraints on BSQ hydrodynamics evolution

e Developments:

4D interpolation of the lattice QCD EoS at finite 4. (Open Source)

e Outcome:

First integrated framework at LHC to study flow and flow analysis with BSQ conserved charged

K Outlook and challenges

Finite potential dependence of transport coefficients

Towards full dynamics || BSQ Diffusion.

e Background for CME observables.

Challenge || Out of equilibrium corrections at freezeout

~

J

(Open Source)

(ICCING code)
(241D CCAKE)

/ ¢ CCAKE Numerical Upgrades

e Full IS + coupling terms

e Adaptive SPH hydrodynamics

e (3+1D) coming soon in version.2 Serenone, W

ko Upgrades to run on GPUS Serenone, W

~

)
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NUMERICAL BENCHMARK | | GUB

e Numerical benchmark:

The code passes Gubser test of ideal BSQ

pp = 0) case Denicol et al, C 98 (2018
0 Denicol I, PRC 98 (201

¢ Hydrodynamics applicability:

Quantitative study of K,, R, *

-- CCAKE

— Gubser
ey el U )
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=
|
=
=,
< 1071
o
a
QU
1072}
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SER FLOW
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..................
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SMOOTHED PARTICLE HYDRODYNAMICS

SPH parametrize the matter flow in terms of a set of lagrangian coordinates
{ri(t)} or “SPH particles” which follow the flow of the fluid

The density of an extensive quantity A is parametrized by the ansatz,

Nspy

ospa(rt) = D AaOW (x = ra(0i1)

The parameter h is the smoothing scale ‘short wavelength cut”
used to enforce the coarse- graining, with

lim W(|r —1r'|;h) = 6(|r — 1'|)
h—0
e Conservation laws are obeyed by construction.

e Possibility to smooth out undesirable degrees of freedom.

e Robustness against geometry.

Monaghan, Ann. Rev. Astron. Astrophys. 30(1992)

1.00 & == h=0. 2 fm
— h = 0.3 fm (Defanlt)
0.75¢ ——=h=081fm
2£0.50
S~ S,
N
0.25 .
0.00% e
0.0 . 1.0 1.5
h& [fm]
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INITIAL STATE | | LOCAL

e 4D Initial state input [eo(70), P& (70), p
e Gradients in {VP,VEE VES VEZ]

e A pre-equilibrium evolution for
the charge densities carzonetal, soon to appear
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CHARGE FLUCTUATIONS AT FREEZE-OUT
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CHARGE FLUCTUATIONS AT FREEZE-OUT
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Multi-component Hydrodynamics as an effective field theory

Maximum entropy principle: 2nd order [srael, Stewart, Ann. Phys. 118 (1979)
B.,5.Q2 B.S.Q B.S,Q 1
SH = sut — Z aqn‘“ (6HH2 + Bamt ', + Z Bl ng"nﬁ) — Z (d/nnn“H + ’ymn ﬂ“) — §(u”6nwﬂﬂ'w)
q q
. TII . C 46 gCSH?r
I+11=— mye — T gyrr 4 200 54 nil MY G s
Tl + (C+2 ) 2Bn Prll+ )8 gV, — 5 dun 2671’ Ty »
ﬁ dissipativ:couplings

2164 2nAd )
Tt 4+ 7 = 2nat” + g 4 T b T — i . Vin) 4 il LS ViR . 101t oy, ,

q q ni
2 26, " B 7B g
3 dissipative couplings
Jz 1 [ qu:ng, qu nlt Fqq’ 8 I ou Kqq' 5mr i frad’ A Kqq Aqr[ wsd K:qqu\?r! s q
. . n
’qur?’lq; + 'flq = _&qq’v Qg + Qﬁ 6 — ﬁ TV IT + TV ]B 11V 5711-[ T’ﬂ' V,,(Smr .
%’a N ~
B dissipative couplings
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linear Stability analysis

DA, Dore, Noronha-Hostler (Arxiv.2209-11210)

Key: Dissipation drives the system to equilibrium as 7 — oo

The entropy difference between the S( + dp) — S(¢) can be quantified as an information current E*

E is the net information carried by the perturbation

e Etn, >0 E* is time/light like (connection to causality!)

o EH=0; Y S =0

o V, EI <0 Information are lost in time

Task: Determine the form of the Lyapunov energy functional

See Gavassino Class.Quant.Grav. 38 (2021)

1

@ 05+

Configurations

Configurations
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BACKUP| | CCAKE

e CCAKE (current status)

Initial State

4D TInitial input [eo(70), pg (70)]

ICCING model

+ Pre-equilibrium

Hydrodynamics
Bu(T™ +T1") = 0;
Ou(Ng + %) = 0;
Ou(Np + 1K) = 0;
(%(NE + %) =0;

_SPH lagrangian.method.._____

Transport: 7, ¢, Ay’ I
Equation of state

PU(T) — PO(T: LLB:IJ’SHUJQ)

4D Interpolator of E0S

Freezeout

Ideal Distribution

5fHa 6f71‘7 6qu
Or

“One component fluid™—
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Next| | BSQ Diffusion: what to expect ?

Diffusion is crucial to reveal the chemical aspects of the QGP matter

e Coupled diffusion modifies all charge sectors e How does diffusion modify the

Greif, Fotakis et al., PRL 120, (2018) , Fotakis, Greif et al., PRD 101, (2020) out of equﬂlbrlum dynamlcs

L. Du and U. Heinz, Comput. Phys. Commun. 251, (2020)
[ [ [ I I I I I I I I
- 0.5 |No Diffusion — 0.03 -No Diffusion '““'a"”gmg ——
51im/c -
£ £ 0015 - 7l sees | Au-Au @ 19.6 GeV
= = 0R28r --- ideal — diffusive
£ 025 | 3 5
B & =
- ~, -0.015 - 0.25}1ms! 175 |nd=0 o5 =151
c c / Y, B
-0.03 - i S L
0 o —— —t — // e
0.5 |-Full DiffusionMatrix 0.03 |-Full Diffusion Matrix - 7 /4/'
— O — 1/
E £ | . /
£ £ o015 . r
= > 0 - SN\ Critical point
£ 0.25 £ Crossover \*\
o = -0.015 |- . 0.13
= =
-0.03 - 0. 0.1 02 03 04 0.5
0 | | | | 1 1 H [GCV]
- 4 3 2 -1 0 2 3
Ms
. . Dekrayat Almaalol

See : Denicol, Gale, Sangyong, Monnai, Schenke, Shen PRC 98 (2018) erayas Amasio
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OPEN QUESTIONS: QCD DYNAMICS AT FINITE CHARGE DENSITY

e Charge fluctuations at freezeout

| e Studying charge fluctuations in the well controlled LHC regime.
tustamov A (ALICE) Nucl. Phys. A 967(2017)

ALICE collaboration, PLB 832 (2022)

e Systematics of the search for critical point ‘

Rajagopal et al PRD 102(2020)

. n
Dore et al PRD 102(2020) Du et al PRC 104, (2021) Final
momentum
. distribution
e Testing the QCD EoS beyond pug =0
Noronha-Hostler et al PRC 100 (2019)
Monnai et al Mod.Phys.A 36 (2021) Monnai et al PRC 100(2019) Hadronic
Afterburner

e Quantify QGP transport: n(T, uy), (T, iq)

Holography, kinetic theory, HRG

Cooper Frye

e Access to the chemistry (diffusion) of the QGP medium

Relativistic
Fotakis et al PRL 120 (2018) Dissipative
e Pre-equilibrium dynamics at finite density Hydrodynamics

Kurkela, Mazeliauskas, PRD99 (2019)

Du, Schlichting, PRL 127 (2021) Carzon et al arxiv.2301.04572 (2023)

Pre-equilibrium
e Mapping event-by-event fluctuations.
Martinez, Sievert, Wertepny, and Noronha-Hostler, (2019) Initial Conditions

Carzon, Martinez, Sievert, Wertepny, Noronha-Hostler, PRC 105, (2022)

Credit: Serenone, W

2
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AN OPPORTUNITY | |LOCAL CHARGE FLUCTUATIONS IN LHC COLLISIONS

C. Plumberg, DA , T. Dore , D. Mroczek , P. Carzon , J. Salina San Martin,
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by gluon splittings into gq pairs.
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