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QCD phase diagram
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Figure from HotQCD coll., PRD ‘14

Analytic crossover at vanishing net baryon density — a first-principle result from lattice QCD
* Phase structure at finite density is largely unknown

* Probed by heavy-ion collisions



Fluctuations of conserved charges

Consider a random variable N

Cumulants: KN(t) = In(etN> = Z '%nt_

variance ke = ((AN)?) = o2 /N width
skewness k3 = ((AN)?) /\ asymmetry
kurtosis ke = ((AN)) — 3{(AN?))? - peak shape

Statistical mechanics:
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Fluctuations probe finer details of the (QCD) equation of state



Common uses of thermal fluctuations

* Taylor expansion of the equation of state

T, T,0 B(T,0 B(T,0
P( TfB) _ p(T4 ) _|_X2 (2| )(NB/T)2+X4(4! )(NB/T)4_|_
Xn(T, 1) = gﬁg—m — susceptibilities

* Fluctuation signals of the QCD critical point
o~ &2, kg~ &M Ry~ E, € o0

[M. Stephanov, PRL ‘09]

e Chiral criticality at ug =0
[Friman, Karsch, Redlich, Skokov, EPJC '11]

Figure from HotQCD coll., PRD ‘17
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Constraining the excluded volume
interactions in hadron resonance gas model

* Matching HRG to lattice QCD at heavy-ion freeze-out stage

* First step toward connecting thermal (grand-canonical) QCD
fluctuations with experimental measurements

VV, M.I. Gorenstein, H. Stoecker, Phys. Rev. Lett. 118, 182301 (2017)
VV, A. Pasztor, S.D. Katz, Z. Fodor, H. Stoecker, Phys. Lett. B 775, 71 (2017)



Hadron resonance gas (HRG) model

* HRG model: free gas of known hadrons and resonances
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* Hadronic interactions dominated by resonance formation*

* Single term in relativistic virial expansion

* Rich history in describing hadron yields in heavy-ion collisions
* Matches well with lattice QCD below T,

* Net baryon fluctuations: Skellam distribution

*  X3n < {Np) +(Np5), x5n—1 < (Np)—(Np)
*  LQCD suggests breakdown of the model close to T, = 155 MeV

* Dashen, Ma, Bersntein, “S-matrix formulation of statistical mechanics”, Phys. Rev. (1969); Prakash,

s p(T o pe) = T om(T)+2T ¢s(T) cosh(us/T)
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Excluded volume HRG model

EV-HRG model: incorporate repulsive baryon-baryon, antibaryon-antibaryon
interactions [VV, Gorenstein, Stoecker, PRL '17; VV, Pasztor, Katz, Fodor, Stoecker, PLB '17]

p(T. pe)=py(T)+ P (T, ue) + pE (T, 1)
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EV-HRG vs lattice

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Ao ] LQCD (HotQCD) 1
- LQCD (Wuppertal-Budapest)|
——EV-HRG, b =1 fm® 1

T

T

00

120 140 160 180 200 220 240
T [MeV]

EV-HRG ~ QCD at T =~ Ty,

[b:lfm3]

3l xg/xB . = LQCD (HotQCD prelim., N, = 8)

WB: 1805.04445; HotQCD: 1708.04897

I LQCD (Wuppertal-Budapest)
21 ———EV-HRG, b =1 fm°

100 120 140 160 180 200 220 240
T [MeV]



EV-HRG vs lattice
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Connecting fluctuations in heavy-ion
collisions with grand-canonical susceptibilities

 Measurements affected by global conservation laws, thermal
smearing, resonance decays, etc.

* Tackle these with a novel particlization routine for hydro

VV, O. Savchuk, R.V. Poberezhnyuk, M.I. Gorenstein, V. Koch, Phys. Lett. B 811, 135868 (2020); JHEP 10, 089 (2020)
VV, V. Koch, to appear



Heavy-ion collisions

* Heavy-ion collisions are commonly described with
relativistic fluid dynamics

* Hydro expansion ends with a particlization of locally
equilibrated QCD matter, this happens roughly at
“chemical freeze-out”, T = 160 MeV at highest energies

* Fairly successful in describing bulk observables like
hadrochemistry, p; spectra, flow etc.

 What about event-by-event fluctuations?

I QCD phase

transition

Thermalization
Parton cascade

&Q% <

* A (too) common approach: directly compare cumulant ratios measured in experiment with grand-
canonical (lattice QCD) susceptibility ratios and hope for the best see e.g. [HotQCD coll., 2001.08530] and others
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Theory vs experiment: Caveats

* proxy observables in experiment (net-proton, net-kaon) vs actual conserved charges in

QCD (net-baryon, net-strangeness)
Asakawa, Kitazawa, PRC '12; VV, Jiang, Gorenstein, Stoecker, PRC ‘18

* volume fluctuations
Gorenstein, Gazdzicki, PRC '11; Skokov, Friman, Redlich, PRC '13;

Braun-Munzinger, Rustamov, Stachel, NPA ‘17

* non-equilibrium (memory) effects
Mukherjee, Venugopalan, Yin, PRC ‘15

* final-state interactions in the hadronic phase
Steinheimer, VV, Aichelin, Bleicher, Stoecker, PLB ‘18

* accuracy of the grand-canonical ensemble (global conservation laws)

Jeon, Koch, PRL '00; Bzdak, Skokov, Koch, PRC '13;
Braun-Munzinger, Rustamov, Stachel, NPA ‘17

* coordinate vs momentum space (thermal smearing)
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When are the measured fluctuations grand-canonical?

e Consider event-by-event fluctuations of particle number in

acceptance AY;ccep: around midrapidity

e Scales

AYyccept — acceptance

AYtotal
AYCOTT
AYyick

— full space

— rapidity correlation length (thermal smearing)

— diffusion in hadronic phase

*  GCE applies if AY; g > AYaccept > AYickr AYcorr

* In practice neither AYiorq1 > AYgccept

AY,,r is satisfied

Corrections from global conservation are large [Bzdak et al., PRC "13]

AYcorr ~

nor AYguccept >

1~ AY,ccept [Ling, Stephanov, PRC '16]
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Subensemble sampler

A novel particlization routine Partition into subensembles*
N N
Ty, 09, Vi | To, bz, V2 Iy, Vi A H Z eI TZ(T;, By, Vi) X 0(Bor Z Bi)
i=1 B i=1
1. t+z *Following the idea put forward in
A771 ATIz AnN Ns = Eln; [VV, Savchuk, Poberezhnyuk, Gorenstein, Koch, PLB ‘20]
—
Ns
1. Partition the hydro (blast-wave) particlization
hypersurface into subvolumes along the space-time v' (event-by-event) hydro

rapidity axis

2. Sample each subvolume grand-canonically, using the

/ _ - -
partition function of an interacting HRG (e.g. EV-HRG) locally grand-canonical fluctuations

3. Reject the event if global conservation is violated v' global conservation
4. Sample the momenta of particles v" thermal smearing
5. Do resonance decays or plug into hadronic afterburner v resonance decays

VV, Koch, to appear 13



A case study: net proton/baryon fluctuations at LHC

Central Pb‘Pb CO”iSiOﬂS at \/SNN — 276 Tev BW parameters from Mazeliauskas, Vislavicius, 1907.11059
25 . , . : :
| protons Pb-Pb, 2.76 TeV, 0-5% |
* Particlization at T = 160 MeV, ug =0 20 o .
(&)
g | _
G 15+ .
* Rapidity axis partitioned into 96 slices, An, = 0.1, |ns| < 4.8 = |
>%10 n i
° | e ALICE data
. . . pd BW model
* Boost-invariant blast-wave hypersurface and flow profile T 5r T 160 MoV .
I B,=0.77,n=0.36
0 | L |

1 2 3

0
* Sampling of (anti)baryons from the lattice-based EV-HRG p, [GeV/c]
model with global baryon conservation, 1010 events
(V — bN)N Poisson + rejection sampling
P(N) ~ N 9(\/ B bN) details in VV, Gorenstein, Stoecker, 1805.01402
: K3 X8 Xxé . . .
GCE baseline: — =094, = =0.69, = = —0.18 « compatible with lattice
(B+B) X2 X2

14



Net baryon fluctuations at LHC

* Global baryon conservation distorts the cumulant ratios
already for one unit of rapidity acceptance

* Neglecting thermal smearing, effects of global
conservation can be described analytically via SAM*

Ko B - K%ce

<B+B>_(1 &)<B+B>’
Rq o B X_f
P (1—3ap) N
Ke Xg 2 Xf ’
— = [1 =5ap(1 — aB)] =5 — 10a(1 — 2a)°3 (—B)
K2 2 X2

* Thermal smearing distorts the signal at AYy cepe<1

« Effect of resonance decays is negligible
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*Subensemble acceptance method (SAM): VV, Savchuk, Poberezhnyuk, Gorenstein, Koch, PLB ‘20
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Net baryon vs net proton

Experiments measure protons as a proxy for baryons

Protons form a subset of all baryons — this dilutes the signal

For example

“lattice QCD” Hic  experiment

Xa ~067 # 4 ~056 + 4 ~ 0.83
X2 | T=160MeV X2 [AVYiee=1 X2 |AY, =1

HIC net proton # HIC net baryon +# LQCD net baryon

Baryon cumulants can be reconstructed from proton
cumulants via binomial (un)folding method of Kitazawa and
Asakawa [Phys. Rev. C 85 (2012) 021901]
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Comparison to ALICE data

e Model describes data within errors

 “lLarge” error bars and “small" p;
coverage do allow to distinguish the
equation of state

e Future measurements will require larger
acceptance
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Summary

* HRG with a baryonic excluded volume matches lattice QCD
susceptibilities in vicinity of the pseudocritical temperature

 excluded-volume parameter b = 1 fm3

 fluctuations at freeze-out in heavy-ion collisions

* Subensemble sampler is a novel particlization routine
 event-by-event fluctuations in a fluid dynamical picture

* global charge conservation, thermal smearing, resonance decays

* Quantitative analysis of fluctuations in Pb-Pb collisions at LHC
* HIC net proton # HIC net baryon # LQCD/GCE net baryon

 EV-HRG agrees with available experimental data
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Thanks for your attention!
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