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How can lattice QCD support the experiments?

® Equation of state
® Needed for hydrodynamic description of the QGP

® QCD phase diagram
® Transition line at finite density

® Constraints on the location of the critical point

® Fluctuations of conserved charges
® Canbe simulated on the lattice and measured in experiments
® Can give information on the evolution of heavy-ion collisions

® Can give information on the critical point
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QCD transition line
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State of the art

® From direct simulations at ug=0:
O T, (Mg=0)=(156.511.5) MeV
O K,=0.012+0.004
O K,=0.000+0.004
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Observables

® We consider the following observables:

T Mud
2

(@) = — [(Y¥)r — (Yb)o] I

X = [XT — Xo] f‘f , with

() _ T OlogZ T dlogZ
P07V omea X0 TV om,

® The peak height of the susceptibility indicates the strength of the transition

® The peak position in temperature serves as a definition for the chiral cross-
over temperature
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®* Plan:

chiral condensate

O Calculate these two observables at finite imaginary pg and finite temperature T

O Use the shift of these observables as a function of imaginary pg to determine T, K,
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S. Borsanyi, C. R. et al., PRL (2020)
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Observables

® QObservation

O When we plot the chiral susceptibility as a function of the chiral condensate, we
observe a very weak chemical potential dependence

S. Borsanyi, C. R. et al., PRL (2020)
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Procedure

® Find the peak in the curve x(<gpw>) through a low-order polynomial fit
for each N, and imaginary pg. This yields <gpy>.

* Use an interpolation of <pw>(T) to convert <wpy>_ to T. for each N, and
Imaginary Hg.

® Perform a fit of T,(N,, Imug/T,) to determine the coefficients K, and K,

® This leads to 28=256 independent analyses
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Results
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S. Borsanyi, C. R. et al., PRL (2020)
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Width of the transition

Natural definition: second derivative of the susceptibility at T,

AT = (T[]

This turns out to be noisy, so we replace it by o, a proxy for AT defined
as:

(YY) (Te £ 0/2) = (P)c = A{Yyh) /2

with (). = 0.285 and A(ypy) = 0.14
The exact range is chosen such that o coincides with AT at zero and
imaginary pg.
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Width of the transition

S. Borsanyi, C. R. et al., PRL (2020)
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® The width of the transition is constant up to ug~300 MeV
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Strength of the transition

® Height of the peak of the chiral susceptibility at the crossover
temperature: proxy for the strength of the crossover

S. Borsanyi, C. R. et al., PRL (2020)
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Comparison to the HRG model:
off-diagonal correlators

Collaborators: Rene Bellwied, Szabolcs Borsanyi, Zoltan Fodor, Jana
Guenther, Jacquelyn Noronha-Hostler, Paolo Parotto, Attila Pasztor, Claudia
Ratti, Jamie M. Stafford
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Off-diagonal fluctuations of conserved charges

0.1 data06% - ® The measurable species in HIC are only a handful.
£ ooe % OMD 05% = How much do they tell us about the correlation
[ HRG PDG16s between conserved charges?

i | 8 T

© 02 R R §

18| 0.4<py<1.6 GeV/c, i<0.5 ® Historically, the proxies for B, Q and S have been p,
B .. q . p,1m,K and K themselves — what about off-diagonal
e 1 _g_g_g_g__é__g_g_____g__ correlators?
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© o | . * A way to compare lattice to experiment
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TAR: Phys.Rev.C 100 014902
(2019)
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Off-diagonal correlators: HRG model

Simple formulation, ideal gas of all hadronic resonances'. The pressure reads:

P(T, 1)Pr+ldn [
( #B 0 Ws) Z( ) R/ dp p” log [1+(—1)BR+1exp (— p2+m?z/T+#R/T)]
0

2m27T'3
with:
pr = uBBr + pgQr + 1sSr

Susceptibilities in the HRG simply read:

Xie> (T, BB, bQs i) ZBRQ” SE I k(T uB, kq, 1s)

where:
oititk pp /T4

 (ur/T) "

Iz-l—g—}-k; (T7 ,LLB, ,U/Q, ,LLS) —

lwe use the list PDG2016+ from P. Alba, PP et al., Phys.Rev.D 96 034517 (2017)
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Off-diagonal correlators: HRG model

& The species that are stable under strong interactions, AND are measurable

=, K%, p(®), ARA), EE"), 0~ (@Q")

— we inevitably lose a good chunk of conserved charges!

e Thanks to the separation between observable and non-observables species,
BQS

one can pinpoint what can be measured and what cannot of x;z
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R. Bellwied, C. R. et al., PRD (2020)
e For the proton- and kaon-dominated xpg and xgs, a large part of the full

correlator is carried by measurable particles

® X Bs is less transparent, and requires careful analysis of its contributions
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e In light of studying the ratio xi}

Measurable contribution breakdown

e Each 2-particle correlation can be isolated in the HRG model

BS

/x5, we consider x2° and x5

R. Bellwied, C. R.

et al., PRD (2020)
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e Different-particle correlations are negligible throughout, while the contribution from
multi-strange baryons is sizable
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denominator

Hadronic proxies

Constructing a proxy not a trivial task: consider main contributions to numerator and

R. Bellwied, C. R. et al., PRD (2020)
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e Good proxy for Xﬁs/xgz BS,SS = 012\/(‘7%{ + 012\)
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Hadronic proxies: finite pg and kinematic cuts

e Consider our proxy along parametrized freeze-out lines with different T'(up = 0)

e We look the ratio x2° /x5, in the case:

e With no acceptance cuts

e With “mock” cuts: 0.2 <pr <2.0GeV, |y <1.0 R. Bellwied, C. R. et al., PRD (2020)
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e The proxy works well at finite up, and the effect of cuts is minimal!

Note: when taking these ratios, the same cuts were applied to all species involved
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e Compare to STAR data with the same cuts as in the
experiment:

A
K:

0.9 < pr < 2.0GeV ly| < 0.5
0.4 < pr < 1.6GeV ly| < 0.5

e A comparison along the same freeze-out lines as before
shows a preferred T'(up = 0) ~ 165 MeV

e Note: a factor ~ 3 separates the case with same and
different cuts! (see previous slide)
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Hadronic proxies: a comparison to experiment

R. Bellwied, C. R. et al., PRD (2020)

! ' ! i i ! o
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— = proxy: 64/(c4 + ok) - To = 145 MeV 1
proxy: 6,2\/(6,2\ + Gﬁ) - STAR data
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STAR data: PLB (2018), 2001.06419

Crucial to have same cuts if comparing with lattice results
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Conclusions

We obtained the most accurate results for the QCD transition line so far

The curvature at pg=0 is very small. Its NLO correction is compatible with zero
The width of the phase transition remains constant up to ug~300 MeV

The strength of the phase transition remains constant up to pg~300 MeV

We see no sign of criticality in the explored range

We found good proxies for off-diagonal correlators

Their dependence on kinematic cuts is mild
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Width of the transition

Natural definition: second derivative of the susceptibility at T,

AT = (T[]

This turns out to be noisy, so we replace it by o, a proxy for AT defined
as:

(YY) (Te £ 0/2) = (P)c = A{Yyh) /2

with (). = 0.285 and A(ypy) = 0.14
The exact range is chosen such that o coincides with AT at zero and
imaginary pg.
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Width of the transition

S. Borsanyi et al., 2002.02821
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® The width of the transition is constant up to ug~300 MeV
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Strength of the transition

® Height of the peak of the chiral susceptibility at the crossover
temperature: proxy for the strength of the crossover

S. Borsanyi et al., 2002.02821
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Pressure coefficients: S|mulat|ons at |mag|nary Ug

zero chamical potertial @
. . . . l strangeness neutrality T-% m¥ v
Simulations at imaginary pg: -l
/4 & imaginary baryon density W
g. &
f" 2 A
. £
Common technique: [de Forcrand, 4
Philipsen (2002)], [D’Elia and Lombardo, w4 A
(2002)], [Bonati et al., (2015), (2018)], [Cea A
| - v M bf Yvy
etal., (2015)] e, # = = = = = = &
0 =4 n2 3n/4 X
Imuw

The BNL-Bisleleic - CENU etort focuses 10 this point
Strategy: simulate lower-order fluctuations and use them in a combined, correlated fit

Taluipug —— !

X249 —+—

i See also M. D’Elia et
* ; al., PRD (2017)
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Pressure coefficients: simulations at imaginary pg

strangeness neutrality T v
. . . . _ 1 ]
Simulations at imaginary pg: maoinery (recon &
a4 imaginary baryon densty W
g &
i‘a 2 A
; E ‘
Common technique: [de Forcrand, 4 ‘
Philipsen (2002)], [D’Elia and Lombardo, A '
(2002)], [Bonati et al., (2015), (2018)], [Cea A
¥ vy v v v v
etal, (2015)] Y S S 5
o" 4 w2 3n/4 x
Imuw

The BNL Bioleteid-CONU otort focuses 10 this point
Strategy: simulate lower-order fluctuations and use them in a combined, correlated fit

X2 (iiB) = 2c2fip + dcait; + 6egit + 7,04Clll3 + gicte2h

Xz (iiB) = 2¢2 + 12caiy + 30co/ifs + 6":4‘1”3 + 8|C4‘2/"B See also M. D’Elia et
By~ . . 4! 4! al., PRD (2017)

X3 (fi) = 24cafip + 120c6u3 + 5'0461#3 - 7,(:4452;13

. . 4 4
Xf (fip) = 24cq + 360661123 + cq€ i + 6,0462#3
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Merging with HRG model at low T

= Smooth merging with Hadron Resonance Gas (HRG) model through:

Prinat(Typp) _ P(Lpp) 1T, 0 (T =i (MB)) L Pare@pp) LT (T -T (MB))
T4 T4 2 AT T4 2 AT
where:
» T'(up) is the “transition” temperature, depending on pp:
/ K 9 *
T'(pg)=To+ 7pp—T
1o
» AT is a measure of the overlap region size
= In the following;: T* = 23MeV , AT = 17MeV
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