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Outline

1. (Brief) discussion of QCD phase diagram + experimental efforts
2. Constructing a family of Equations of State with a critical point
3. Enforcing charge density constraints

4. Implications to heavy-ion collisions



The QCD phase diagram — the one we don’t know but love

BO0m -~
1% order phase PT
250 —_— _ . . . -
STAR BES (net-p.Q) + Known with high precision at =0
yuark Gluon ~°~ " STAR BES (net-K,A\) S Borsanyi |
S "B RHIC Plasma  '-e= HADES {/s=24GeV . G bl ¢ finit
Q R - " | 012N propiem a nite Us
S 150 [gz )Ch'ral Transition : g p M. Troyer and U.J. Wies}ey,l Phys. Rev. Lett. (2005)
= B
F 100 CP? * Rich physics across different
50! ° Neutron Star Mergers | TESINES.

% 200 400 600 so0 1000 1200 1a00 ¢ Whatare we probing in low beam
Hp [MeV] energy heavy-ion collisions / fixed
Collision Energy target experiments?

WB Phys.Rev.Lett. (2020); P. Alba et al Phys.Lett. (2014);

Bellwied et al arXiv:1805.00088; V. Dexheimer ariXiv:1708.08342;

Critelli et al, Phys.Rev. D96 (2017);

HADES Nature Phys. (2019); Nucl.Phys.A (2014) 3



(DCD phase diagram — the critical point

+ To-do list:

* hydro evolution

* initial conditions + early dynamics

* hadronization and transport

“ Qut of equilibrium eftects?
T. Dore, Wed 18:00

Inital state

Energy Steoping
Hard Collislons

Hydrodynamic
Evolution

Haoron Freszeout

Require Equation of State (EoS) as
input, which must:

Include a critical point in the correct
universality class

Match what we already know from
LQOCD
P. Parotto, DM et al. Phys. Rev. C (2020)

. Expansion about ug=0 with ps= pg="0

. Stafford, DM et al. EPJ+ to appear
Expansion about ug=0 with

<Ng> = 0

<no> = 0.4 <np>



Qo

N o g e

EoS — the recipe

P. Parotto, DM et al. Phys. Rev. C (2020)

. Critical point from correct universality class -> introduces new set of variables
. Match new set of variables to QCD variables -> introduces free parameters

. Use information from LQCD to reduce number of free parameters -> complete

model
Obtain Taylor expansion coetficients from model
Reconstruct the full pressure from Taylor expansion

Merge with Hadron Resonance Gas regime (lower T)

. Obtain thermodynamics from pressure



1. “Obtaining™ a GP

* QCD expected to be in the same universality class as the 3D Ising model

\/

* “Borrow” the critical region from Ising phase diagram

* Cannot be solved analytically,
requires a non-universal
parameterization (R, 6)

First order Crossover

M = MOI;? 0 My~ 0.605 =~ 0364
v h = hoR™h(6) h0) = 01 + a6 + b6

2
Ferromagnetic Paramagnetic r = R(l o 9 ) ﬂ ~ 0326, 0 =~ 4.80

C. Nonaka, M. Asakawa, Phys. Rev C (2005)




2. Mapping Ising = QCD

* Size and shape of critical region are unknown features of QCD

* Mapping the Ising phase diagram to the QCD one introduces free parameters

M>0

First order

M<O

Ferromagnetic

Crossover

Paramagnetic

T-T
(r,h) «— (T, uB) T C=w (rp sinag 4+ h sin a)
C
a1 =W (—T,O COS (X1 — h cos (1{2)
Tc

 position of CP: (TC, //iBC)

e scaling parameters: w, p



2. Mapping Ising = QCD

* Size and shape of critical region are unknown features of QCD

* Mapping the Ising phase diagram to the QCD one introduces free parameters

CP in correct universality class

M>0

First order Crossover

 position of CP: (TC, //iBC)

M<O

Ferromagnetic Paramagnetic

e scaling parameters: w, p




3. Reducing number of free parameters

+ Assume transition line follows a parabola with curvature «

Taylor
+0(2)

Taylor

Im. u
Im. n
Im. n
Im. n
Im. p
Taylor
+0(2)
Taylor

Taylor

IO Kaczrﬁarek et al. PRD (2011) p4, u=0

66— Endrodi et al. JHEP (2011) stout2, =0

Cea et al. PRD (2014) | o | HISQ, p=1y
—O0— Bonati et al. PRD (2014) stout2, u =0, W,
—O— Bonati et al. PRD (2015) stout2, u =0, Wy

Bellwied et al. PLB (2015) & g%‘fdf‘fo’

Cea et al. PRD (2015) | o | HISQ, pe=p,

: O | Hegde et al. (Lattice 2015) HISQ, S=0
oW ——6—— Bonati et al. 1805.02960 stout2, u =0
‘ o Wl | nhoch @ ohzoms HISQ, S0
0 0005 001 0.?(15 7002 0025 0.03

C. Bonati et al. 1807.10026

e Several calculations,
largely consistent
within error

e Usex =—0.0149

from Bellwied et al.

* From geometry of parabola

1

« all
1 T BC

6 parameters — 4 parameters



4 & 5. Build Taylor expansion

+ Pressure given by Taylor expansion around pp = 0

= _/

0.00 - 0.00 -
0 100 200 300 400 500 0 100 200 300 400 500
T (MeV) T (MeV)

* Matching to LQCD V

o At this level, we can enforce (or not) correct charge density constraints.

“’B 2n 0.30 N A — HRGus=po=0
P(T7 “’B) — T4 Z CZn(T) (?) t | et 0.08° T ﬁG::r.:e(t)ltr.
0.25- K | e = o=
" 0.20 - :: 0.06 - 'LT.N {  LatStr. Neutr.
> 0.15- ’:/‘ ;20.04- “TTH {Wﬂﬂ
0.0 .T +
1 o"P/T* 1 : b Mg,
T\ — = —Yn T - 0.02 - . vebbititttts

Cn( ) n! O(NB/T)n TL!X ( ) 0.05 y j M'Mmm + H *

T4CFI;AT(T) — T4C,1,:Ion_18ing(T) + CrIlsing(T)

* Coefficients are proportional to the
baryon susceptibilities — directly from

LQCD & 3D Ising

10



4 & 5. Build Taylor expansion

+ Pressure given by Taylor expansion around pp = 0

0.25 1 '\‘
\
\
0.20‘ ‘\ .............
v e
‘\ ./"".
0.151 \“ . xkAT
e Ising
"1 AN
2 — T_c Non - Ising
0051 |1 T ~o_ T4 N
0.00 b e eeeeeecesscsecc=e-
I
~0.05 - /
/
. , j
* Coefficients are proportional to the ~0.10- ;
baryon susceptibilities — directly from 5 100 200 300 400 500 600 700 800
: T (MeV)
LQCD & 3D Ising

11



6. Merge with HRG at lower T

* At lower T, HRG is a suitable description of the system™

* Smooth merging via hyperbolic tangent switching function

PFinal(T7 H’B) P(T7 .U’B) 1
T4 — T4 5 [1 + tanh (

—ar)

I PHRGJEfa “B) % [1 _tanh (T —Z;SMB))]

* Charge constraints must be consistent

12



(. Thermodynamics!

“ All other thermodynamic quantities can be obtained from derivatives of the
pressure + thermodynamic relations

ng _ 1 (0P cs = ( B—P)
T3 - T3 (’}‘UB T Oe S/npg
S 1 (9P
T3 T3\0T ),
¥ 1 ( 9P ) e First order
T2 T2 \0up% ), derivatives
€ S P  upnp display a kink

T4~ T3 T4 T T T3

near CP

13



(. Thermodynamics!

“ All other thermodynamic quantities can be obtained from derivatives of the
pressure + thermodynamic relations

s _ 1 (o o
T3 T3\0T ), b L]
» Effectis enhancedin * -
xZ 1 (0P y
T2 ~ T2 \ 342 second-order
B/ T . . 0.1 -
e S P pupng derivatives ;

14



0. Explore parameter space

Central Au+Au - STAR (2021): 2101.12413

W
[ !
]

¢ Ising = QCD map introduces 4 free parameters 2 T R
GE) 2:_ = = Poisson baseline b
* Thermodynamic stability is not guaranteed S e  TrEEEY
S
Fix CP at g_
4 o o o o o o o "
L T-=143.5, ug-=350MeV g
3 o o o o o o o
v e e e e stable / unstable o
>
2 o o o o e i g I i !. -
" ® o o o o . © L Non-monotonic: 3.1 0 i
’ C e e e e Imposes constraints on R
ol | | R size and shape of the Collision Energy \s,, (GeV)
0.0 0.5 1.0 1.5 2.0 critical regiOn
W Relevant for experimental searches

of CP (e.g. BES-II)

15



* Paths probed by the system in the absence of dissipation

Isentropic paths

4001 — S/ng=68 —— S/ng=25 Str. Neutr. Hs=po=0
—— 8/ng=50 —— 8/ng=23 6001 — S/np=68 --=-- S/ng=68
350{ — S/me=42  —— Sing=21 — S/ng=35 --—- Sing=35
—— S/ng=35 - S/ng=18 —— 8/ng=21 ---- S/ng=21
— S/ng=28 —— 8/ng=16 500 . 'o"
300 - -”
400 -
Ezso E
= 200 =~ 300
150 - 200 -
100 -
100 -
50 1— : : : : : : : . : ,
0 100 200 300 400 500 100 150 200 250 400
1s (MeV) s (MeV)

* Strangeness neutrality plays important role

16



Conclusions and considerations

* This procedure guarantees:
+ 1) strangeness neutrality and fixed baryon-number-to-electric charge ratio
« ii) matches LCQD at uz = 0
* ii) CP in correct universality class

* Ready to be implemented in hydro calculations

* Current study: equilibrium properties of QCD EoS. HIC are dynamical systems, need EbE
relativistic viscous BSQ hydro evolution + critical fluctuations + hadronic transport.
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