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Main (very tough!) goal of high-energy heavy ion collisions
[especially the RHIC-BNL Beam Energy Scan program]
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[Nonaka et al (2012)]

Mapping (part of) the QCD phase diagram
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In fact, the plan at RHIC-BES is:
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Theoretical studies produce a cartoon of the phase diagram
(actually, several different cartoons). Ex.:
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And there
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In fact it is much worse...

position of the critical endpoint of QCD:
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[Stephanov (2006)]
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® Model predictions, lattice, freeze-out points in HIC

Way out: criticality should save the day and produce clear signatures
of the critical end point (CEP)!
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Basic plan:

* Experimentalists can measure multiplicities that fluctuate event-by-event

* These fluctuations increase in magnitude near the critical point as a
power of the correlation length (contribution of the order parameter)
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[Stephanov (2009)]

* Higher cumulants grow faster with & BUT are harder to compute and

much harder to measure (large background/signal!)

* Combinations of moments may help... [Athanasiou, Rajagopal & Stephanov (2010), ...]

* But there are spurious effects in real life, as experimentalists know

better...
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So, before discussing this, some preliminary remarks are in order:

e As we said, the ultimate goal of the BES program is mapping the
phase diagram of strong interactions. Or, at least, finding clear
fingerprints of its major features.

e It is amusing to see that a Google search (images) for something like
"successful phase diagram mapping physics” produces lots of QCD
phase diagrams, even though we only have cartoons...

e We can generously interpret this as our community being very active
and/or optimistic.

e On the other hand, several phase diagrams have been obtained in
different realms of physics, experimentally and theoretically.
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e However, we are still light-years away from something like:

400 :
P-3ml i C2/m

300 F -7 ?
CDW CDW isingle-g €

’ '/-(m\n‘lx 60

T (K)

200 F

100 |

0.0 0.5 1.0 1.5 2.0

I'e content (x)

FIG. 4. (Color online) Electronic phase diagram of 17-
TaSes—;Te, as a function of temperature and Te content.

case of 1 T-TaTe,. However, according to the experimen-
tally obtained phase diagram of Fig. 4, one should notice

[Liu et al (2014)]
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Figure 1. Magnetic phase diagram for the CeNi;_,Cu, series as a
function of Cu concentration from [14]. Open squares represent the
long-range magnetic ordering temperature 7¢c n and full squares

represent the spin-glass freezing temperature 7. [Marcano et al (2013)]

® The problem for us is that we have a very small, short-lived, noisy,

fast-evolving system that is
search.
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The phase diagram for QCD can be schematically divided,
assuming it behaves roughly as a simplified cartoon of this sort
(as suggested by several model descriptions):
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Also assuming the BES spans a large enough region, so that a CEP and
a 1st-order line can be, in principle, probed.
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So
o 2 distinct regions, even if there is no clear boundary in practice

o 2 sets of problems, features, needed techniques, etc
e related somefimes, but different

Remark - direct comparison to latfice QCD can be dangerous:

e sign problem in this region (no benchmark EoS):
we do not have the “correct” EoS!
e the actual systems are finite and come in different sizes
(lattice results are extrapolated to the thermodynamic limit)
o the QGP formed is very noisy, fluctuates a lot, and is indirectly
measured within a given acceptance
e dynamics is crucial
(totally absent on the lattice)

Nevertheless: several statistical mechanics ftechniques successfully
used in lattice simulations can be useful in analyzing the BES data
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Outline

* CEP region (near criticality) - quick recap

* In real life — including spurious effects

* Critical slowing down and finite lifetime

* Geomeftric & temperature fluctuations

* Finite size of the system

* Resonance decays and acceptance constraints
* lst-order transition region

* Final remarks
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CEP region (near criticality) - quick recap:

In Wonderland:

e Correlation length becomes divergent = system scale invariant (conformal):

e For the zero mode:

Pay[00] o< exp <_Q[ao]) Qfoo] =V <_

T

oy +

/\3 K /\4 4
DT

e Moments of observables as signatures:
* fluctuations of 6o affect particles that couple to it (pions, protons),

_ + ___— -
£ omTT,Opp 2G(T7T T+ g,,O'P])

(couplings in the effective pot.
renormalized by local fluctuations)

e.g. fluctuations of the occupation numbers, etc.
* This contributes to the moments of fluctuations

e Freeze-out near the CEP & correlated fluctuations of observables

= possible signature

Excited QCD, Sintra, May/2017

[Stephanov, Rajagopal & Shuryak (1999); Stephanov (2002, 2009)]

[Tsypin (1994, 1996)]
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Higher (non-gaussian) cumulants grow faster with the correlation length: &
[Stephanov (2009); Athanasiou, Rajagopal & Stephanov (2010)]

e Within tree level:

T . ‘ QABT . Mg ~ g—l’ A3 ~ T(Tf)_g/za Ag ~ (Tg)_l
kg = (08) Y & K3 = <08> =7 ¢e
6T [Tsypin (1994, 1996)]
ka = (03)c = (05) — (05)% = % [2(X38)? — Ay €°

e Dependence on & and on which side of the CEP one is are universal
= possible signature in the sign of kurfosis  [stephanov (2011)]

I frfom cy\ o However: this picture
02| ] can be fotally modified by
id oy . .
= oof &M” " nonequilibrium evolution
[Mukherjee, Venugopalan & Yin (2015)]
=02 1st order side
oy kg >0

04 02 00 02 04

Excited QCD, Sintra, May/2017 Eduardo S. Fraga



In real life — including spurious effects:

e Critical slowing down and finite lifefime

e Some spurious sources of fluctuations and noise
Geometric fluctuations
Temperature fluctuations

Finite size of the system

Resonance decays & acceptance constraints

Alternative — Monte Carlo simulation with

[Hippert, ESF & Santos (2015); Hippert & ESF (2017)]
* Interaction via mass correction:

omz =2G dog,  omy,=gdoyg (G =~300MeV, g~ 10)

* Fluctuations of 6o change m = modifies distribution of particles.

* Freeze-out near the CEP.
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Framework

* Monte Carlo with probability distribution:

o) A VN Y R
Pogloo] o exp ( 7[“0]> Qfog] = V <W;"08 F2o% 4 Mgt ) /

‘£ OTT,OpPp = 2GO-7T+ T+ gl,()'ﬁ]) * Fini‘l-e Sy5+€m

* Dirichlet boundary conditions:

o iz ednialy figdlly elgpros Bysizndile) more natural than cubic, yet simple

((AN)2) = Ang, i, Ang, i, 1 ! ) I
(AN)) 11.%:,1'1< [ 1iz) pt) = ol /Rl (0l =
lQ.??'lQ,'iQ
= Z(Qll +1)(202 +1) A, i), (1a,i0) T+
ly,i Sk ¢ .
l21ia * Caveats: equilibrium, no expansion,
+3 (21+1) By, long-range fluctuations dominate.
l1.71
* Advantfages: can include all sorts of
* (-++): average over a grand-canonical spurious fluctuations; can be
ensemble with 86, 8R, 8T, etc fixed. systematically improved; can include
* —— . average over o6, R, 8T, etc. dynamics.

* A and B: in terms of boson/fermion
distributions & fluctuations in energy levels.

Excited QCD, Sintra, May/2017 Eduardo S. Fraga




e Critical slowing down and finite lifetime <

* Near the CEP, & grows
= regions that represent fluctuations around equilibrium get larger

= relaxation is slower and slower near the CEP: Trelax ~ &%

* the value of z depends on the dynamic universality class of the system
[Guida & Zinn-Justin (1997)]
* & does not reach its equilibrium value, and is limited by Treiax = ©

* &(1’) and cumulants also FO“OW Kibble-Zurek SCdling [Mukherjee, Venugopalan & Yin (2016)]

* best scenario, free
parameter limited by

the speed of light!
[Hippert, ESF & Santos (2015)]

¢ (fm)

-0.2 -0.15 -0.1 -0.05 0.05 0.1

[Berdnikov & Rajagopal (2000)]
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e Some spurious sources of fluctuations

Geometric fluctuations [Hippert, ESF & Santos (2015)]

* Volume fluctuations from a centrality bin width effect (CBWE) —
variations of the volume within a centrality bin — not initial volume
fluctuations (from dynamical initial conditions).

* Since the resulting distribution turns out not fo be Gaussian, volume
fluctuations will also affect higher-order cumulants.

* Impact parameter distribution = overlap area.

* Assumption V(b) = C A(b,Rn); fix <Rpiasma> = 6.8 fm for O — 5% centrality.
* Ry = 6.38 fm taken from Woods-Saxon nuclear density profile.

Temperature fluctuations: gaussian
distribution of femperatures, with
b a 5% standard deviation.
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Results taking into account volume and temperature fluctuations
as background + finite lifetime (critical slowing down)

[Hippert, ESF & Santos (2015); Hippert & ESF (2017)]

Signal in ((ANx_, )?)/{(Nx_,)

30 — * 2nd-order moment (for simplicity);
25 b s Eﬁfg _ élllftll\l;fon —_— doable for higher orders (soon!).
20 k. e BG - Analytic (V+T) Q. _
— b . BG Slmulatlon (VTT) |
=
= , o — 0
& il ~n (&) — on(&o)
= _— | on(&o)
5[ — AN,
MEs | () = (BNz))
16 1.8 2 22 24 26 28 3 3.2 34 (Nrew)
¢ (fm) ft A
* Systems goes through the CEP (very optimistic!). / "-\ ‘
* Signal above reference (“far from the CEP”, £=Eo=1.6fm). /'/ \ (s
* Ising universality class assumed. I "'x_\
* 10° events in the MC simulations. J_,.»" R
* acceptance: O < pt <1 GeV & 7 < 0.5 A
* Time spent near CEP: 7 = 1fm (optimistic) , CELFIC,
(vertical lines) 7 = 5.5fm (overly optimistic)
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Finite size of the system

[Palhares, ESF & Kodama (2009)]

N

R ™
The system created in HIC’s is FINITE, and its
size is CENTRALITY-DEPENDENT, L(Npart):

L~2fm L<10fm L~10—15 fm |

* Measurements will

e In BES even smaller systems

(plasmas) are expected! Not
only a centrality effect!

generally probe pseudocritical, smoothened,
shifted thermodynamic quantities. Ex. - cumulants:

A

(")

'
1

T. TF

T

<0n>L ~ gpn fn(f/L)
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superposition of shifted peaks
= broadening of signal
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* Most (=all) signatures
based on non-monotonic
behavior of observables
partially hidden by
background + shifts and
smoothening.
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Shifts in the phase diagram (equilibrium)  [Palhares, ESF & Kodama (2009)]
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* Effect that adds up fo finite
lifetime and critical slowing down.

* Direct use of lattice data can be
dangerous also for this reason.
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Finite-size scaling as a tool for searching the CEP
[ESF, Palhares & Sorensen (2011)]

In the vicinity of the CEP:
e FSS applies as can be demonsfrated by a RG analysis.

e For any correlation function of the order parameter all lines should
collapse in a full scaling plot:

X0 P —d = g (e )

Ex.: cumulant scaling plots

i A
L—“M/l/<0,n>A Ls L~ <O- > L>

>
0 ¢ L 1 / 1%

~
Y
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v Size (L): difference defined by centrality; estimated by HBT.

v Distance to the CEP ("t“): constrained by freeze-out curve, parametrized either
by U or by center-of-mass energy

v Observables (X): transverse momentum fluctuations, pion multiplicity fluctuations
(soft pions), etc.

v Caveat: method hindered by critical slowing down effects.

1§
07 by u, = 3374 +/- 636 MeV 07~ O, L u_, =509 +/- 55 MeV/
0_6,—~§fl?7,>,,-_,,,\,_m_ v=0.67 ,=1.00 ool Prle v=0.67 y,=1.00
' o2 \[5,=19.6 GeV L T \/5,,=19.6 GeV
05— u \[5,,=62.4 GeV™ 05— u \[5,=62.4 GeV
04l * \s,,=130 GeV 0.4l " \J§=130 GeV
| o \/s,,=200 GeV | o \s,,=200 GeV
08l TE [ gl
0 il Al e ‘ i ‘ \ ; friiiEgIEiiiyaiis L
0 100 200 300 400 500 600

u [MeV] u [MeV]
[ESF, Palhares & Sorensen (2011)]

» Very restricted data -> extrapolations using fits.
e Scaling function should be smooth -> polynomial fit for each L.
» Enforce the condition that all the curves cross at some critical p (adjustable parameter).

* Data at the fime seemed to favor values of the critical chemical potential above 450 MeV.
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Finite-size effects on cumulants

[Hippert & ESF (2017)]

Signal (%)

0 Coa il
1.6 1.8 2 22 24 26 28 3 32 34
¢ (fm)

* Overall volume factor cancels out.
* Signal above reference (“far from the CEP”, E=Eo=1.6fm).

* acceptance: 0.4 < pt < 0.8 GeV & 7 < 0.5
* Time spent near CEP: t = 1fm (optimistic) ,
(vertical lines) 7 = 5.5fm (overly optimistic)
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Acceptance constraints [Hippert & ESF (2017)] A
Signal in ((ANx_, )?)/(Nx,,) prmax
12 T T | I
0.4 GeV <pT<08 GeV :
10 k. seeeeeeees 0.4 GeV <« pr < 1.0 GeV ,1
—— - 0 GeV < pr < 0.8 Ge g :
~ gL 0 GeV <pr <L 0 G eV | aleli soft pions prmin
= 6 .......... \.ﬂ..,.“.ﬂﬂ’
= ol e |
o ol g |
'c,) 4 [~ ""“"""'; """""" E’ """""" ":;"""‘:'. """"""" Tt ;""'_
2 L e Signal in (AN, )*)/(Nx,,)
, " I i i i 2 T T T T T T T T T
0 L= : : . ' ' ' ' e Il < 0.1 s i i i i
1.6 1.8 2 22 24 26 28 3 32 34 | | ... nl < 0.2
f 1.5 L n| < 0.3
< (fm) Py nl <0.5
X e nl < 1.0
A —_ | e < 2.0
* Signal above reference 2 I s
(“far from the CEP”, E=Eo=1.6fm). &
* acceptance: 0.4 < pr < 0.8 GeV for diff. 7 0-5
* Small effect for larger values of 7 0

(saturates near n=2)

* Less momentum modes pairs due to

“directional cut”
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Resonance decays and acceptance constraints  [Hippert & ESF (2017)]

In| < 0.5,0.4 GeV< pr < 0.8 GeV * 0 P: no parhcle. detfected
1 - I . 1 P: only 1 particle detected
S (1)P 2 P: 2 particles detected
= 08¢ 2P -
E * Convolution of phase space & pr cuts
S 06 .
" * Abrupt cut for 2P given by twice prme
= 04 G .
Z :
o, s
8 0.2 — .: "0, — . . 2
: Signal in ((ANx,,)?)/(Nx,,)
1J) SO SRS o SO T 8 —— .
10 100 1000 10000 . crit. :
‘ [T eeeeneeaes crit.+bg.
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. - crit.+bg.+res.
R T
T, P1 ~
p TG‘ /i S SRS SO
resonance N pres (%0 3 ................
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0

[acceptance: 0.4 < pr < 0.8 GeV]
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Ist-order transition region | /}' bl

e Finite size, finite lifetime ¥ mre
* Smaller systems (due to smaller collision energies).
* Smaller expansion rates (due to smaller pressure gradients).
* No critical slowing down.

Bubble nucleation & spinodal decomposition
= structure formation (inhomogeneous patterns).

e Two-peak structure due to competing phases (lattice-inspired method)
= probability histograms of bulk quantities (not correlation functions).

= correlation functions will not distinguish crossover from l1st order PT.

o Nonzero (conserved) baryon number
= constraint on phase conversion dynamics

e Fast dynamics

[Chernodub, ESF, Palhares & Sorensen (unpubl., 2011)]
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Bubble nucleation & spinodal decomposition
= structure formation (Paﬂ'erns) * Free energy in the unstable direction

* Mechanically unstable regions
in the phase diagram

T A
>
v
T
stable
R A
FIG. 2. Spatial patterns of model B: a) Spinodal decom-
position and b) Nucleation. (¢ = 2500, A = 0, 0 = 0.1 and
b e=10"%)
T Jesecsenss .unstae .......... o [Garcia-Ojalvo et al (1998)]
nucleation :
&grgwth /(o dal | How will such structures affect
NG / decomposition | hydro, 'I'FGHSPOT“I', etc?
— » [cf. also Bleicher, Herold, Mishustin, Nahrgang, (2013-2014),
composition Satarov et al. (2017)]
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Final remarks

> We have 2 distinct regions, even if there is no clear boundary in practice:
criticality effects x pattern formation signatures.

»> Near the crifical region, one can systematically incorporate spurious
contributions (resonances, acceptance limitations, finite size, finite lifetime and
critical slowing down) expected to affect the fluctuations in the BES. It is a
method that can be improved or adapted.

> Results from the second moment for pions are small (as expected). But now we
have estimated how this signal is diminished by the background. Results for higher

moments (and also for protons) soon!

> Dynamics is still missing in this approach. But the evolution of cumulants can be
incorporated. Also, it can in principle be coupled to hydro.

> Comparison to lattice results are useful, but should be done with extra caution.

> The lst-order region might offer a different class of signatures to be explored.
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