UNIVERSITY of

HOUSTON

Locating the QCD Critical Point using
Holographic Black Holes

Israel Portillo

UNIVERSITYof HOUSTON

Collaborators: . = . Ratti (UH)

Jacquelyn Noronha-Hostler (Rutgers)
Renato Critelli, Jorge Noronha (USP)
Romulo Rougemont (UFRN)

Phys.Rev.D96(2017)9,096026.

Israel Portillo — Hot Quarks 2018 — Locating the QCD Critical Point using Holographic Black Holes 1/28



Motivation BH-Model Susceptibilities BH-Results Conclusions and Outlook

UNIVERSITY of

@Explormg The QCD Phase Diagram HOUSTON

Heavy lon Collisions

Explore the phase diagram by
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Lattice QCD

Perform calculations at ug = 0,
and extrapolate via Taylor
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Through the holographic
correspondence, properties of
the sQGP can be determined
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Holography (gauge/string duality at Strong Coupling)

Quantum Field Theory .. Classical Gravity in
in 4-dimensions 5-dimensions

m Vanishing string coupling in GR
— Coupling >>1in QFT

m Black Hole solution
— (T,pe) in QFT

m Holography
— Near Perfect fluidity

J M Maldacena 1999 Int. J. Theor. Phys. (38) 1113
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Non-conformal holographic gravity —> Black Hole

dual in 5 dimensions Solution
S = forg JVEV=EIR - 3(9,0)* = V(¢) —2f(9)F,]
fi 1 #0
nonconrorma. MB

m Input parameters are fixed by lattice QCD results at =0

m Finite T and gz — Predictions
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Holographic Constructions with Critical Point

B O DeWolfe, et al. Phys. Rev. D 83, (2011)
B R. Critelli, I.P. et al. Phys .Rev. D 96, (2017)
B J. Knauteab, et al. Phy. Let. B 778, (2018)
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PHYSICAL REVIEW D 83, 086005 (2011)
A holographic critical point
Oliver DeWolfe,' Steven S. Gubser,2 and Christopher Rosen'
lDepan‘mem of Physics, 390 UCB, University of Colorado, Boulder, Colorado 80309, USA

ZJo.('e'ph Henry Laboratories, Princeton University, Princeton, New Jersey 08544, USA
(Received 28 December 2010; published 8 April 2011)

V(g) = ~12c0shy + be? with sech[2(¢p — 2)]

L flg) = echZ
y=0.606 and b= 2057, >

T, =143 MeV p, = 783 MeV.

m Simple V(¢) and f(¢)
m Fitting outdated Lattice Calculations

m Main results: location of CP, critical line and calculated
critical exponents
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R. Critelli, I. P. et al., Phys.Rev.D96(2017).

Free Parameters of the Holographic Model

Gs = 0.46 A = 1058.83 MeV

V(¢) = —12 cosh(0.63¢) + 0.65¢* — 0.05¢* + 0.003¢°

2
f(¢) = SeCh(?i—gcﬂs ) + 1 j3C3sech(C4¢)

where 027 =04 =17 =100
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Non-conformal holographic gravity

— Black Hole
dual in 5 dimensions

Solution

§ =t JOCV=ER =300 = V() —;fl0)F,]

nonconformal

uB7#0

L owe:
0.25 Phys. Rev. D92 (2015)

= S 020
?101 g‘;ons;
o | =
£y S0

| o [1309.5258] 005

o0 200 a0 a0 soo OO0

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

m Input parameters are fixed by lattice QCD results at gz =0
m Finite T and pg and higher x,, — Predictions
R. Critelli, I. P. et al., Phys.Rev.D96(2017).
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For a static charged black hole backgrounds that are spatially
isotropic and translationally invariant, which can be
described by the following Ansatz for the EMD fields

e2B(r) 42

ds® = e*A) [—h(r)dt? + dx?] + b0

6= o(r) o Z((rr)
A, dx = &(r)dt 5 B(r)

The background function B(r) has no dynamics and can be
fixed to zero.

Israel Portillo — Hot Quarks 2018 — Locating the QCD Critical Point using Holographic Black Holes 8/28



Equations of Motion:

0'(0)+ |+ 440 10 - s | TR
e 2200/ (r)2 0f (¢)]
ST o
Y (r 2
w0
W)+ BA() = e ORI =0 (4)

Constraint:
h(r)[28A'(r)? — ¢/ (r)?] + 6A'(r)H (r)V(9)
+e A F(p)d'(r)2 =0
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m The initial value for the fields can be parametrized in
terms of (¢, 1)

m The mapping from (¢o, ®1) to (T, ) plane is highly

non-linear.
®; =0 (u=0) Lines of constant ®;
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Far-Region asymptotic:

Ar) = a(r) + O (e71),
h(r) _ far +0 ( 74a(r))
¢(r) _ ¢Aefzza r) +0 ( —2va( r)) 7
(D(I’) _ q)far + (Dfar —2a(r) + 0 ( (2+v)a(r )) /
Thermodynamics:
1 2T
T—— A s= 3
47T¢1/V /htar K% QSZ/V
(Dgar (Dgar

ne =3 =N pe=—— =N
AV K03V
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Charges

m Baryonic Susceptibilities:
" P
Xy (T, pe) = a(u;/r)n (%) mean: M = x

] The susceptibilities (x,) are related | jridnce © o2 — %
directly to the moments of the 3/2
distribution. skewness : S5 = X3/XQ

. . . 2

m The volume-independent ratios are kurtosis : kK = )(4/)(2
useful quantities to compare to
experimental data.
107f(a) 7.7 GeV (b) 11.5 GeV (c) 19.6 GeV (d) 27 GeV 2 o
e Mo =x/x

@ 10" g it
2w ¢ ; 18 33 So =
AN X/ %
3 10°f (e) 39 GeV (1) 62.4 GV (g) 200 GeV' Au+Au Collisions. 2 .
2. ptpen Ko™ =X, /X
=] R I¥i<0.5
Z 10* LS Skallam Dis. 3 f—
1:2 P pe So /M — X3/X1
gu m:%j 070-80% =eeeen
20 0 20 20 0 20

Net-proton (AN,)
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Fize sirzaming
Hadrars

m Chemical freeze-out: all
inelastic interactions cease.
The chemical composition
of the system is fixed.

Decormined
Cuaik Glon
HMatier

m Susceptibilities of
c.onserved charges: are S— 7 =
fixed at the freeze-out. & B

m We study susceptibilities of conserved charges:

— They can be measured and calculated
— They can be used to extract freeze-out parameters
— They are sensitive to the critical point
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WB:
o 15=0[1309.5258]

o)t

N

p(T,B

o [1309.5258]
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T [MeV] T [MeV]
0.4
== == Black Hole Engineering
03 " Bayesian "____-'
=02 "__.-"'
0 e e 2
e [1309.5258]
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R. Critelli, I. P. et al., Phys.Rev.D96(2017).
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2.0 .
O Lattice [HotQCD)
0.6 \;t:m;[ 0tQCD]
1.0
04 = P
> 4 T~
°
=< 0.0
0.2
00 1.0
By = 0 MV ., -0 MV
—_ 1, = 250 MeV 0.2
06 \ 11, = 350 MeV :
........ = 450 MeV
\ _— Z“:r);o M 01
-+ 0.3 . —— 1, = 600 MV o
3 { - v Lattice [WB] >
0.0
0.0
-0.1
-0.3
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BH curves: R. Critelli, I. P. et al., Phys.Rev.D96(2017).
Lattice results: [WB] Phys.Rev.D92(2015).
[HotQCD] Phys.Rev.D95(2017).
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on the lattice

= XQB Xf, and X; on coarse lattice, N = 4. 2 flavors (2005).
C.R. Allton, et al. Phys.Rev.D.71,054508

= Continuum extrapolation of . 2+1 flavors (2012).
S. Borsanyi, et al., JHEP 08 (2012) 053 [1204.6710].

= ), on a finite lattice, N; = 8,6. 2+1 flavors (2014).
Prasad Hegde, J.nuclphysa.2014.08.089

Continuum limit for x?. 2+1 flavors (2016).
J. Gunther, J.nuclphysa.2017.05.044

= Continuum limit for 7. 241 flavors (2017).
A. Bazavov, et al. Phys. Rev. D 95, 054504

Two points of XBB on finite lattice, N = 8. 2+1 flavors (2018).

Massimo D Elia, et al.

n X: and X; on finite lattice, N, = 12. 2+1+1 flavors (2018).
S Borsanyi, I.P. et al. arXiv:1805.04445v1
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BH curves: R. Critelli, I. P. et al., Phys.Rev.D96(2017).
Lattice results: [WB] Phys.Rev.D92(2015).
[WB] S Borsanyi, I.P. et al. arXiv:1805.04445v1.
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Taylor expansion of observables in terms of susceptibilities
Xn = X,I,B(T: He = 0)

m Pressure

p(T . pe) = p(T. 1 = 0) :i Xa, <u3)2”

m Baryonic density

pB(TnuB):i Xan (@)2"*1
T3 @n—1)I\T

n=1
m Susceptibilities y, and Y,

=355 (7)o =355 (7)”

n=0
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up to O

Reconstruction of thermodynamic quantities at different values of
pg/ T via Taylor series from calculations at pg = 0.

1.0

1.5 Ful He/T=33 I Latiice QCD C HelT=3
1S — OB ol 08 Full ”
= ) — — 0()
5 ° )
£10 s 08 ) Z
1
3 o4
05
e

HelT=1

e} -
0'*30 140 150 160 170 180 190 200 0'1’30 140 150 160 170 180 190 200

T [MeV] T [MeV]
008 ——¢y
007} O =
0.06

Xa
0.05
0.04
0.03,
130 140 150 160 170 180 190 200 130 140 150 160 170
T [MeV] T [MeV]

BH curves: R. Critelli, I. P. et al., Phys.Rev.D96(2017).
Lattice results: [HotQCD] Phys.Rev.D95(2017).
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@ Black Hole Critical End Pomt

The black hole model contains a critical end point at

B g = 124 MeV m [ =89 MeV

Holographic QCD Phase Diagram

T [MeV

g g
I
I

!

/

e inflection line
Minimum in speed of sound
©  Critical point
1st. order line transition

600 800 1000

[ 200 400
1, [MeV]

Phys.Rev.D96(2017).

R. Critelli, I. P. et al.,
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m We compare the baryonic BH susceptibilities ratios with
the net-proton moments measured at STAR

m Freeze-out parameters are extracted by fitting the
experimental values for x1/x2 and x3/x2

® x4/X2 predicted at the minimum of speed of sound

35

. . One possible trajectory along min. ¢
10 10 3 ;}.,m 0 o Black Hole Engineering
~ 08 g ~ 08 .25 [ Normalized to y&'= 200 [GeV]
53 "
Zos b4 Zos $ L2
poy 2} g ;; 0.4 § o = s
02 02
& ? 1.0
0.0 0.0
10! 10° 10! 102 o 10
Vs [GeV] Vs [GeV] Vs [GeV]

[BH] R.Critelli, I.P. et al., Phys.Rev.D96(2017).  [STAR] Phys.Rev.Lett.112(2014).

Israel Portillo — Hot Quarks 2018 — Locating the QCD Critical Point using Holographic Black Holes 21/28



Motivation BH-Model Susceptibilitiess BH-Results Conclusions and Outlook

@ Freeze out Line HOUSTON

Lattice QCD BH Model

~e— Dyson-Schwinger [C. Fischer et.ol. 2014]

141 freeze-out [Becattini et.ol., Cleymons et.ol. 2005)
- freeze—out parometrization [Andronic et.al. 2008
50 = modified sx:usueal fit [Beca[umi et.ol. 2012] : ] 50 . . .
= freeze-out from fluctuations [Alba et.ol. 2014] — — X inflection line
-------- Speed of sound
. | . | . 0
200 400 0 100 200 300 400 500 600 700

ty [MeV] t, [MeV]

[WB:] R. Bellwied et. al, R. Critelli, I. P. et al.,

Phys.Lett.B751(2015). Phys.Rev.D96(2017).
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m = 724 £ 36 MeV m [ =89+11 MeV
200 : i
. ; Unlikely due to
Lattice QCD -
transition line curvature
150 i Allowed Region
1
) Finite-Size Scaling ! CEP
= 100F | } .
= i
1 Black Hole
50f | Engineering |
1
i
o ‘ | ‘
0 200 400 600 800

ks [MeV]
[Fig] R.Critelli, L.P. et al., Phys.Rev.D96 (2017).
[Lattice] A.Bazavov, et al., Phys.Rev.D95 054504.
[FSS] E.S. Fraga, et al., Phys.Rev.C84 011903.
[Tran Line] R. Bellwied, et al., Phys.Lett.B751 (2015) 053
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We estimate a collision energy needed to hit the CEP
m/s=25-—41Ge/

800N T

.............. s

4 BH freezeout
%‘ SHM1
=, 400 — — SHM2
o
=Y
200
o= :
5 10 50 100 5 10 50 100
Vs [GeV] Vs [GeV]

m The collision energy is reachable by the next generation of
experiments.

BH] R.Critelli, I.P. et al., Phys.Rev.D96(2017).
HRG] Paolo Alba et al. Phys.Lett.B738(2014),
SHM1] A. Andronic et al. Phys.Lett.B673(2009).
SHM2] J. Cleymans et al. Phys.Rev.C73(2006).
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The holographic Black Hole Model

Reproduces the available lattice data at small z,.
Predictions confirmed for X, and xg

Contains a critical end point which is located at
fy=724+36 MeV and T=89 £ 11 MeV

Allows us to compute transport coefficients, baryonic
susceptibilities, extract freeze-out parameters, and out of
equilibrium phenomena.

Estimates that the collision energy needed to hit the CEP
should be /s =2.5—4.1 GeV

Israel Portillo — Hot Quarks 2018 — Locating the QCD Critical Point using Holographic Black Holes 25/28



Motivation BH-Model Susceptibilities BH-Results Conclusions and Outlook UNIVERSITY of

@ Outlook: Critical Behavior HOUSTON

Universality:
m Global Symmetries m Spatial Dimensions

Critical Exponets:

a: Cy~|T — T~ along first-order axis.
B: Ap~|T.—T|? along first-order line.
Y Xy~ |T = T¢|77 along first-order axis.

(5:p—pCN’M—/,LC|1/6 fOI’T:TC

H H 3D Ising  Mean Field Ref[l] Our Model H

a: 0.110 0.0 0.0 ?
g 0.325 0.5 0.482 ?
0 1.240 1.0 0.942 ?
v 4.820 3.0 3.034 ?

[1] O DeWolfe, S S Gubser, and C Rosen, Phys.Rev.D 83, (2011)
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Kurtosis at the Critical Point

Close to the critical point

on,
dn, = ond +—Lgé
np np+0ga

stat.

T,GeV QGP

critical critical

point

0.1
hadron gas
nuclear
matter
0 1 B, GeV K4

The fluctuation of an observable
baseline

6N = ;an ~ s

M. A. Stephanov, Phys. Rev. Lett. 107 (2011) 052301
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The Baryonic Susceptibilities x® are defined as
" P
B(T - - [
T = v (72)
where:

T H= Y mi@
P = Iz Z:Tr[ XT:'“Q}

X, is proportional to the baryonic density (x; = p,/T>)

X; measures the equilibrium response of the baryonic density
to a change in the chemical potential
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variance : 0% = [ dx xf(x

kurtosis : k = [ dxx*f(x

Negative Skew Positive Skew
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Fluctuations at the HOUSTON

Critical End Point

B Qov) The probability distribution for the order

" parameter
\/ Plo] ~ exp {—Qlo]/ T}

1 m? A
— 3y | 2(Vo)2 + < A= B
Q—/dx[z( U)—|—202—|—30—|—

p = pce The correlation length (¢ = m_ 1)

E~|T —T|7" wherev >0

N o

j> pcr X, = VT¢

— X3 :2\/7—3/23\359/2
e X, =6VT?[2A5 — AJ¢7

M. A. Stephanov, Phys.Rev.Lett.102(2009)032301.
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the Black Hole model

Trajectories in the [T — | plane that satisfy the experimental
values

Vs =27 GeV Vs =39 GeV
160 e
=140
=)
= 120
100

0 100 200 300 O 100 200 300
T [MeV] T [MeV]

m Freeze out points [T — p,] are extracted from the line
made by the closest points between x1/x2 and x3/x>
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Physics Letrers B 778 (2018) 419-425

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physleth

Holographic QCD phase diagram with critical point

from Einstein-Maxwell-dilaton dynamics T

J. Knaute >, R. Yaresko®", B. Kimpfer "

| Helmolz Zeirum Dresdr-Rasendr FOBS1 0115 01314 Dresden, Grnary A =hy hs =t
fiir

1148.07 MeV|(513.01 MeV)

—12exp {4 ¢? + Lot} 1< dm n o o as  Jas |as
1.7058]0.2840| ~0.0089[0.7065[0.4951(0.1761 *
V(¢) = { a10 coshag(¢ — as)]/“ lar | | o
as ag ag 10
x exp {ﬂs¢ + ¢ tanh[as(¢ — 09)]} 1P = dm —0.0113|—0.4701|2.1420|4.3150] —10.0138 *

=cp+cytanh[ca(¢ — ¢ cgexp[—c 1o 7] (=] I
J@)=ctaranhle@—c)l+cexpl-cs] 0.1892| —0.1659[1.5497| 2. 1820[0.6219] 112.7136

Tepp = (111.5+£05) MeV  ucgp = (611.5+0.5) MeV. ’

m Good Fitting to updated Lattice Calculations

m Main results: location of CP and critical line
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