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QCD describes interactions among quarks g and gluons g

Quarks are described in terms of Dirac fields ;g’ (), where:

« : Dirac spinor index
t: SU(3)colorindex (1,2, 3)

r: flavor index (u,d, s,¢,b,t)

Gluons are described in terms of vector fields Afi. (), where:

1t :  Lorentz vector index

a : colorindex (1,2,...8)

Gell-Mann matrices A%: 3 x 3 matrices in color space: (A%);;, 2,7 = 1,2, 3

Aﬂ; /\b o 'l,f )\C
9 ? 9 — tJabe

2
2



Lo ) Ve SN Pt N A W T ’, - P o g T o g
& ’ 4 o EL A NS 0 Y o ¥ o A L \ PRV e
g - "8 -~ > e il .-__{__.: B . M ¥ N V-l . P A - ¢ ’
- o ¥ R N S e L e e e 1/ - - - )

Local SU (3) color transformation: U (z) = exp [i2-0%(x)] = exp {X - 5(:1:)]

i
2
U(xz) = 3 x 3 matrix in the color space
Y(z) = U(z)y(z) YT (z) = ¥ (2)UT (z)
Yi(z) = Uij(z)¢;(z) ¥ (x) = 5 (2)Uj; ()
QCD Lagrangian: Locp = —3F %, FF + 4" (i) —m,) Y" , where:

Fl, = 0uA}—0,A} +gf*" A} A
/‘\a.
Fu.w. — UF,UT (F,w =F], > )
_ - A2
Ds’ = Sap0u — Y a
L — ab i"g L
2 ab

- M.~ quark mass for flavor r; 1m = di-ag(mu_, mMdq, Mg, Me, Mp, mt)
- g: coupling constant, with g% /(47) = a

Locp invariant for local SU (3) color transformations
3



QCD Thermodynamics

WOnfineme® Confinement

="\ 3.8, Xk At large distances the effective coupling is large

X Free quarks are not observed in nature

* Asymptotic freedom

%k At short distances the effective coupling decreases

%k Quarks and gluons appear to be quasi-free

00, "u BT 2o .
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Hadron Gas Quark-Gluon

Chiral Symmetry: broken Chiral Symmetry: restored
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Early universe
Tc~155 MeV
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Big Ban Accelerated Expansion Relativistic Heavy-Ion Collisions Adepelpeidsid
Afterglow Light g g ‘ e 7

Pattern Dark Ages Development of » i : Kingtic L
380,000 yra. | Galaxles, Planets, etc. g Little Bang B L

Initial energy
density

Inttation

18t Stars

Hion vr Tttt | equilibrium :
about 400 million yrs. W namics | viscous hydrodynamics

._4_ _free streaming

Big Bang Expansion | collision evolution

%k The universe was in a QGP phase at the beginning of its evolution

%k We can re-create this phase in the laboratory!
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In equilibrium statistical mechanics one normally encountiers three types of ensemble
~» microcanonical ensemble: used to describe an isolated system with fixed £, N, V

=+ canonical ensemble: used 1o describe a sysiem in contact with a heat bath with fixed
I, N,V

=+ grand canonical ensemble: used to describe a system in contact with a heat bath, with
which it can exchange particles: fixed 1, V, u

In a relativistic quantum sysiem, where particles can be created and desiroyed, one

compuies observables in the grand canonical ensemble
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The grand canonical PARTITION FUNCTION reads:

7 — Tp [E—,B(.ﬁ_ﬂ-i.ﬂri):l

s

with H Hamiltonian of the system, IN; set of conserved number operatorsand 8 = 1/kgT
Z =Z(V,T, u1, 2, ...) is the most important function in thermodynamics

All other standard thermodynamic properties may be determined from it:

dlog Z 8log Z
aVv df_tl
S = dT;;g Z E=—PV +TS + u;N;



Phase transitions and order parameters

-

3K We want to study the transition from hadrons to the QGP: deconfinement and chiral symmetry
restoration

3K A phase transition is the transformation of a thermodynamic system from one phase or state of
matter to another

3K During a phase transition of a given medium certain properties of the medium change, often
discontinuously, as a result of some external conditions

3K The measurement of the external conditions at which the transformation occurs is called the
phase transition point

3K Order parameter: some observable physical quantity that is able to distinguish between two
distinct phases

3K We need to find observables which allow us to distinguish between confined/deconfined system
and between chirally broken/restored phase
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Paul Ehrenfest classified phase transitions based on the behavior of the thermodynamic
free energy as a function of other thermodynamic variables

First-order phase transitions exhibit a discontinuity in the first derivative of the free energy
with respect to some thermodynamic variable

=+ nvolve a latent heat

=+ the system is in a "mixed-phase regime” in which some paris of the system have
completed the transition and others have not

10
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Second-order phase transitions: free energy and its first derivative continuous at 7.
~* A new state grows confinuously out of the previous one

- for 1" — T, the two states become quantitatively the same

~» second derivative can be discontinuous or diverge at 1

~» power law behaviorin |1 — T'/T,| at T,

Analytic crossover: free energy and all its derivative continuous at .
=+ Sysiem changes smoothly from one phase 1o the other

=+ Phase transition point identified by peak of susceptibility
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Mg — OC0: pure gauge QCD
=+ only gluons are relevant degrees of freedom

-/ symmetry of QCD: confinement/deconfinement phase transition: first order

=+ Polyakov loop: order parameter

Mg — 0: chiral limit of QCD

=+ chiral symmeiry spontaneously broken

=+ chiral condensate: order parameter; second order

real world: m, = (: but small for u, d, s quarks
=+ chiral symmeiry explicitly broken by the finite quark mass
~» /2 symmetry: explicitly broken by the presence of quarks

=+ QCD transition is analylic crossover
12
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3K We consider a system of gluons in which we put a heavy quark-antiquark pair as
a probe <(I)>~e-F/T

= How much energy F is needed to extract the heavy quark from the system?

13
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3K We consider a system of gluons in which we put a heavy quark-antiquark pair as
a probe <(I)>~e-F/T

= How much energy F is needed to extract the heavy quark from the system?

Confined system
Infinite energy is
needed

<p>=0

13
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3K We consider a system of gluons in which we put a heavy quark-antiquark pair as
a probe <(I)>~e-F/T

= How much energy F is needed to extract the heavy quark from the system?

Confined system
Infinite energy is
needed

Deconfined system
Finite energy is
needed

<p>=0

<(P> —=1

13
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3K We consider a system of gluons in which we put a heavy quark-antiquark pair as
a probe <(I)>~e-F/T

= How much energy F is needed to extract the heavy quark from the system?

Confined system
Infinite energy is
needed

Deconfined system
Finite energy is
needed

<p>=0

<(P> —=1

Polyakov loop: order parameter for deconfinement

13
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3K We consider a system of gluons in which we put a heavy quark-antiquark pair as
a probe <(I)>~e-F/T

= How much energy F is needed to extract the heavy quark from the system?

! I i} ] ~
08 [ =
s | :

- O pure gauge -
04 |- C —
02 | Z
N L 1 1 1 1 I 1 1 1 1 l 1 | 1 l-I

Pt
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Polyakov loop: order parameter for deconfinement
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Polyakov loop: deconfinement

3K We consider a system of gluons in which we put a heavy quark-antiquark pair as
a probe <(I)>~e-F/T

= How much energy F is needed to extract the heavy quark from the system?

T
§‘ Continuum M
= N,=16 © ,
2 081 N-12 0 .
S 0.6 N,=8 v vV | |
- For QCD with physical
é’)' 04 guark masses the
E 0 2: transition is a smooth
% o crossover
- 0.0} v s

100 150 200 250 300 350

T [MeV]

Polyakov loop: order parameter for deconfinement
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Polyakov loop: deconfinement

3K We consider a system of gluons in which we put a heavy quark-antiquark pair as
a probe <(I)>~e-F/T

= How much energy F is needed to extract the heavy quark from the system?

R R R SR
§‘ “Continuum
S N;=16 0 .
_g 081 N=120 oV
o ' Nf=8 v v 4 . .
= 57 {  For QCD with physical
s 04 quark masses the
: 0] transition is a smooth
g | crossover
% oolyoe®® N\ ‘
100 150 200 250 300 350

T [MeV]

Polyakov loop: order parameter for deconfinement
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Chlralcondensate chlral transmon

The chiral Condensateww}lsthevacuum expectatlon value of the operator Yy

3K The magnitude of the constituent quark mass is proportional to it

= Even if the “bare” quark mass in the QCD Lagrangian is small, they develop
a constituent one, through interaction with the chiral condensate

14



Chlralcondensate chlral transmon

The chiral condensate(WMsthevacuum expectatlon valueof the operator Yy

3K The magnitude of the constituent quark mass is proportional to it

= Even if the “bare” quark mass in the QCD Lagrangian is small, they develop
a constituent one, through interaction with the chiral condensate

Chirally broken system
Large effective quark
mass

(V) # 0

14



Chlralcondensate chlral transmon

The chiral condensatewzp)lsthevacuum expectatlon valueof the operator Yy

3K The magnitude of the constituent quark mass is proportional to it

= Even if the “bare” quark mass in the QCD Lagrangian is small, they develop
a constituent one, through interaction with the chiral condensate

Chirally broken system Chirally restored system

Large effective quark Small effective quark
mass mass

(Yip) # 0 (Yy) =

14



Chlralcondensate chlral transmon

The chiral condensatewzp)lsthevacuum expectatlon valueof the operator Yy

3K The magnitude of the constituent quark mass is proportional to it

= Even if the “bare” quark mass in the QCD Lagrangian is small, they develop
a constituent one, through interaction with the chiral condensate

Chirally broken system Chirally restored system

Large effective quark Small effective quark
mass mass

(Y1p) # 0 (V) =

Chiral condensate: order parameter for chiral

phase transition
14



Chlralcondensate chlral transmon

The chiral Condensateww)lsthevacuum expectatlon valueof the operator Yy

3K The magnitude of the constituent quark mass is proportional to it

= Even if the “bare” quark mass in the QCD Lagrangian is small, they develop
a constituent one, through interaction with the chiral condensate

1.0 ——————————————————————
v 3y <
' ? Continuum W |
0.8+ N=16 ©°
o~ N1=12 ¢ |
=10 O |
IS\ 0.6 N’ 10 \vj 7
3 | For QCD with physical
0.4} quark masses the
_ transition is a smooth
0.2 crossover

100 120 140 160 180 200 220
T [MeV]

Chiral condensate: order parameter for chiral

phase transition
14



Chlralcondensate chlral transmon

The chiral Condensateww)lsthevacuum expectatlon valueof the operator Yy

3K The magnitude of the constituent quark mass is proportional to it

= Even if the “bare” quark mass in the QCD Lagrangian is small, they develop
a constituent one, through interaction with the chiral condensate

1.0 ~———r———r———————————————
v 3y <
: g /\ Continuum W |
0.8} e N=16 © .
o~ N1=12 ¢ |
-10 O -
IS\ 0.6 N’ 10 \vj 7
3 | For QCD with physical
0.4} quark masses the
transition is a smooth
02 crossover
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Chiral condensate: order parameter for chiral

phase transition
14
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4 Simplest possible system: non-interacting gas of massless quarks and gluons

4 we expect QCD thermodynamics to reach this limit at 7" — oo

B d*p 1 B ;C(B)TE L 1 bosons
" (2m)3 /T £1 a2 YT % fermions
where ((3) = 1.202 (Riemann ¢ function)
. / d3p p o f - o 1 bosons
(2m)? eP/T £ 1 30 % fermions

3T
n p s € | -
T3 7L T30 T constant in SB limit!

19

4 4 2
pressure. p = g entropy density: Ts=¢€¢4+ P = §E — 8§ = 3 ‘ — Q.IJ’W—T3

45
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Much effort put into calculating the successive orders of the perturbative expansion for the

-

pressure

the series is known now up to order ¢° log g

L

-

perturbation theory makes sense only for very small values of the coupling constant

For not too small values of the coupling, the successive terms in the expansion oscillate

-

16
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Improve series convergence
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T
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J.P. Blaizot, E. lancu, A. Rebhan, PLB470

4 One can improve the convergence of the series by some clever resummation
4 Hard Thermal Loop: Quark and Gluon propagators are dressed by some effective mass

4 this improves the series convergence and the agreement to lattice data downto 1" ~ 37..

17



3K Analytic or perturbative solutions in low-energy QCD are hard or impossible due to the highly
nonlinear nature of the strong force

2K Lattice QCD: well-established non-perturbative approach to solving QCD
3K Solving QCD on a grid of points in space and time

3K The lattice action is the parameterization used to discretize the Lagrangian of QCD on a space-

time grid

1
M= x|

—

<

Ny,=L/a
3K From the partition function Z, knowledge of all the thermodynamics

Zw = Trexp(—H/T) = [ [dU][dvde] exp(~S)

_ °

Se
g2

Z [1 — ReTr Up(x; u,v)/3]

X,u<v

SFo= Y P0v(x) — kY [P0+ UaO)p(x + ) +9(x + ) (1 = 7.) U ()9 (x)]

18

S=5c+ S



Transition from QCD Thermodynamics

s(T)/T3

— 20

HRG mode| m——

200 400

600 800

T[MeV]

1000
WB Collab., JHEP (2010)

%k s/T3 indicates the number of particle species

%k Rapid rise = liberation of degrees of freedom

%k Compare to an ideal gas of quarks and gluons

S
2

4_9T3

% This gives us an idea of how strong the interaction is

19



Equ

Two independent and compatible results for the p =0 and Ny =2+ 1

T 0T T
- 1
4!—
3!—
5 |
_ stout HISQ
(E-3DYT4- 1 E
o4 BN e 7
1 .
s/4T4 W -
TMeY]
| N O R N N N R R N N NN N NN N NN U NN NN RN NN N N AN A

0
120 170 210 250 2390 330 370

WB: S. Borsanyi et al., 1309.5258, PLB (2014)
HotQCD: A. Bazavov et al., 1407.6387, PRD (2014)

This is nice, but...
(1) Heavy ion physics: needs p > 0

(2) Cosmology: needs higher temperature, therefore more quark flavours

20
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2+1+1 flavor continuum ——— 6 | .
4 i 2+1 flavor parametrization —— A
IRk 2+1+1 flavor parametrization ——
[ R HRG —— Sf
< 3} ‘ N | vt
= ‘ S 4
[ " 2
é; 2+ ’ . @ 37
Q.
' ’ 2 2+1 flavor continuum ——— -
1+ | 2+1+1 flavor continuum ———
) 1t 2+1 flavor parametrization —— 4
2+1+1 flavor parametrization ——
0 : . ' ' . : . : : 0 i 1 ! ! ! ! ! HRG ——
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
T [MeV] T [MeV]

WB (S. Borsanyi et al.), Nature 2016
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Grand canonical partition function:
e T = Z(T; s pray s) = Tr (e_ﬁ(H —uuNu—#de—ust))

—> 4D phase diagram.

Quark number density (ng) =

Baryon number density (ng) = %
Isospin density (ny) = % ((ny) — (ng))

2

3

Electric charge (nQ) = =

Both for heavy ion physics and neutron star physics, we need:
e (n7) < 0 not a problem } ' wil
e (ng) > 0 complex action problem

shortly review why

22



Euclldean path mtegral

Start with a grand canonical partition function: Z = Tr (e_(H_“N)/T)
Notation: H — uN — H for simplicity

The partition function Z = Tr (e_H/T) written as a path integral:

7 = Z <cl|e_aH|c:2> <cz|e_aH|03> ... <cn_1|e_“H|cl> =: %}:w[c]

C1,C2,...

e Maps the quantum system to a classical system, with configurations c
e w(c) = weight of a configuration c

e w(c) >0 = can use Monte Carlo

e w(c) can be negative or complex = sign or complex action problem

e Sign problem property of the system AND the basis we used

23 A. Pasztor, FAIRNESS 2017
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Z — Ty (e—ﬁ(ff—uuﬁu—udﬁd—#sﬁs))
- / DUDYDWe Sy 4~ (YMY)

_ / DUeSY MUl det MU; my, 1) det M[U; mag, )

Fermion determinant —
If positive, we can treat w := e oYM det M det M to be a probability
distribution, we can generate configurations of the gauge field with
these probabilities and calculate observable on these configurations

24 A. Pasztor, FAIRNESS 2017



s

The complex action problem at finite p

» ~ .
- % M Liag A - —

s

< det M (11)]* = det M (—u*) € C >

w:= e "YM det M det M complex — cannot use importance sampling

Cases without a complex action/sign problem:
e ;11 = 0 Calculate derivatives of log Z at u = O} — small up > 0
e Purely imaginary pu

e |sospin chemical potential p, = —ptg = Study pion condensation.

e The Dirac operator can have an additional symmetry, e.g. SU(2)
gauge theory with Ny =even

25 A. Pasztor, FAIRNESS 2017



Taylor expansmn of the pressure

. e \ X .
i "K‘ ‘o';’.‘l ‘.‘ «6"‘. ; W- { - _“‘ pw )

Suppose we either:
e fix pg =0 = pg for simplicity
o fix (§) =0 and (Q) = 0.4 (B) for HIC

The pressure is now:

P KB
S P(T, = E: ( )
i =PI = O)+klc2’“ T

Alternatively, | can fix nothing and calculate the 3 variable Taylor
expansion. The coefficients contain lots of info:

o T.(u)
e EoS

e Lower limit on location of critical point

26



Taylor expansmn of the pressure

O REN

0.08 | HRG —

cont. extrap.

N 0-06 B NT=16 % 7
12 @
0.04 + 8 M |
6 A |
0.02 r g mg/m;=20 (open) |

27 (illed) |

0 1 L . 1 N 1 N 1 2 1
140 160 180 200 220 240 260 280
T[MeV]
0.00015
ng=0, Ng/ng=0.4 HRG — |
0.0001 | cont. est. !
f Ni=8 &
5x107 | 6 A
o 0 & =
-5x10™ |

-0.0001 | mg/m=20 (open) 1
; 27 (filled) |
-0.00015 & '

180 200 220 240 260 280
T[MeV]

160

140

[P(T,ug)-P(T,0))/T*

cont. est. ;
N1=8 T
6 A |

o

o

o

(V)
1

0.0015 m¢/m=20 (open) -
27 (filled) |
0.001 ]
free quark gas]|
0.0005 | S

0 i 1 N 1 2 1 N 1 L 1 2 1 N 1 .

140 160 180 200 220 240 260 280
T[MeV]
 ng=0, =0.4
06 | ng=0, ng/ng

27

A. Bazavov et al., PRD (2017)



Analytlcal Contlnuatlon

Simulate here

T=170MeV

T d(p/T*)
B d(pB/T)

28



Slmulatlon Iandscape

zero chemical potential @
strangeness neutrality T=150 MeV v
1 T=200 MeV v/
imaginary strangeness A
3/4 A imaginary baryon density |l
A
&
3]
B T2A
—
E
A
/4 & v V \V4
\Y4
A
z A 4 v A 4 v
—

. v v
ve— & = " = = =B =
0 \ /4 /2 3n/4 T
Im “Baryon

The BNL-Bielefeld-CCNU effort focuses to this point
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T(1B)
T.(0)

i .

The crossover line from analytical

=1— £ (u/Te(uB))”

continuation

. ) e ,.J/

k = 0.0149(21)

WB: hep-lat/1507.07510  ugs and pg from (S) =0 and (Q) = 0.5 (B)

TP ()

I |

cannot be
reached —
by present
analysis

o 150
2
v
3100
o
()
Q
£ 50
|_

/

widening/uncertainty
due to higher order terms

200 400
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Equation of state from analytical continuation

"
o

J
4 St A £

P =t o T AR T a0 T,
P u— 2 0 F— Al {,‘aff" Wt Yot s

\--.
‘;
. - &
Sy

-l

A
‘."f*“ . e

WB: hep-lat/1507.07510 ug and pg from (S) =0 and (@) = 0.4 (B)
P

3.0 1.0
2.0} 0.8
2.0} 0.6l
1.5}

Lol 0.4}
0.5 0.2 10 - ¢
0.0 0.0
4.0 — 1.0
g:g i 0.5
2.0 0.0
2.0t

1.5 1—-0.5}
1.0 1-10L
051 1.0
0.0

] 1 1 ] 1 ] ] _1.5 1 1 ] L 1 ] 1
140 160 180 200 220 240 260 280 140 160 180 200 220 240 260 280
T T

It appears Taylor expansion is under control for ug /7T < 2. This is not so bad. It
means it can be used for RHIC energies:

Vs = 200, 62.4, 39, 27, 19.6, 14.5GeV
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Equation of state from analytical continuation

The Phases of QCD

Quark-Gluon Plasma

Temperature (MeV)

200 400 600 800 1000 1200 1400 1600
Baryon Chemical Potential p (MeV)
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What happens below Tc?

%k At low T and ug=0, QCD thermodynamics is dominated by pions

X as T increases, heavier hadrons start to contribute

%k Their mutual interaction is suppressed:
ning ~ exp|—(M; + My)/T]

%k Interacting hadronic matter in the ground state can be well
approximated by a non-interacting gas of hadronic resonances

1 |
p" e Tt = > WmZY (T,V,uxa) +

VT3 VT3 Z annBzi (T, Va N'Xa) )

1€ mesons i€ baryons

22

with , zm/B _ Vs / 'dkk? In(1 F zie =/T) & = /k*+m]
0

2i = exp ((Z X?uxa)/T> and Xa are all conserved charges.

sR. Hagedorn, N. Cabibbo and G. Parisi



many resonances do we include-

3 1GeV<M<?2GeV mmmm
05GeV<M<1GeV mam
25 Kaon mm

Pion measm

50 100 150 200 250
T [MeV]

%k With different mass cut-offs we can separate the
contribution of different particles

%k Known resonances up to M=2.5 GeV

%k ~170 different masses<«<=>»1500 resonances
%4



Evolution of a heavy-ion collision

Free streaming
Hadrons

T~110 eV
£ ~ 0.05 GaV/im?

Project leand
0—0 O—o Targst Nuclei

! e
» |. .. .. ., *
. -y -
-
"
L
> Z —
(distance along
\ the colision axns)
T=0MWMeV
R R £ =0.17 GaV/im3

3k Chemical freeze-out: inelastic reactions cease: the chemical
composition of the system is fixed (particle yields and fluctuations)

%k Kinetic freeze-out: elastic reactions cease: spectra and correlations
are frozen (free streaming of hadrons)

3k Hadrons reach the detector
35




Hadron ylelds

S | N,=350 Y *E mc2: Iots of particles are created
T w0l o apk LR )
- . . ©° 1 %k Particle counting (average over many
N 7§ 1 events)
10 LA @ O 7 . L
s Qo =
e O z
B 4 1 3k Take into account:
O *g
"E O o A " A n o
B ¢ : dh p ] p . .
e l:‘? e ko Kk %k detector inefficiency
10 L ;‘z AT A %k missing particles at low pr
- L] .
| AGS 5P —BHC ] 3k decays
10 10°
Vs, (GeV)

%k HRG model: test hypothesis of hadron abundancies in equilibrium

+0nZ; _ gV p*dp

N — — — It
Z Op  2m2 )y exp[(E; —p)/T| 1
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Hadron ylelds

~ ; 1 R 23 q (IR 2 g Yl 2 .
S | N,=350 Y *E mc2: Iots of particles are created
© 1027 n QM L & —
- R, . ©° 1 3%k Particle counting (average over many
N 7§ 1 events)
10 T‘ ® O * = t» ol —]
s L Qo =
- e O ;
B 4 1 3k Take into account:
O *
"E oo - A " A -
5 ¢ i dh p ] p - . .
e Ijﬁ e ko Kk %k detector inefficiency
0 L e A A 3k missing particles at low pr
- L] .
| AGS 5P —BHC ] 3k decays
10 10°
Vs, (GeV)

%k HRG model: test hypothesis of hadron abundancies in equilibrium

%k We need:

3k a complete hadron spectrum

3%k control the hadron fraction from decays
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N VR INVE ; . P B\ -~ ,,,\ R
5 0 g Y S ey X e
» o TR kY R - o — bl
sk Most hadro
o,
L 2

are subject to strong
and electromagnetic decays

A—-pn)+m, pom+m

%k e.g. pions: 1/4 primordial, 3/4 from
strong decays

Deconined
Quaik Gluon
TRV Y o S T I m——_

%k Weak decays can be treated too:
Pt /\\ sy
Pb Pb oA+ ¥

2k after chemical freeze-out: only elastic and quasi-elastic scatterings
take place:

T — p— T pm — A — prw Kr— K*— Kn

N; = N; + Zdr—nl N,
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o N 4 b 4 > w L/ < \ 5 -
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- T T T T T ; v —
O e : =200 GeV g I
2 | A4BERRRE Vo= °" |1 %k Fitis performed minimizing the X2
107 RN 1
SRR I I
1 FEey = | Fitto yields: parameters T, Ug, V
Dam || o | %k Fitto ratios: the volume V cancels
T oosmR . T 1 out
PHENIX " Hias
A BRAHMS ] —~ 200 ——— ———————————
10k T N T A | e - >
—— Model, x2/N,=31.6/12 SN I S 18| ¢ Cleymansetal.
T=164 MoV, = :24 MeV,V=tgsofm © = oo BT : 2‘:3‘:::;:;: -

140:

120:

100 |- .
2%k Changing the collision energy, it is sof E
possible to draw the freeze-out line In 6ol :

the T lane w0l —— E/N=1.08 GeV
, “B p S s/T°=7
= ST percolation -
. s . 0 L - T ] | . [
Cleymans et al, Becattini et al, Andronic et al. 0 200 400 600 800 1000
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%k These results are model-dependent

3k they depend on the particle spectrum which is included in the model
3k possibility of having heavier states with exponential mass spectrum
3%k not known experimentally but can be postulated

3k their decay modes are not known
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Caveats

%k These results are model-dependent

3k they depend on the particle spectrum which is included in the model
3k possibility of having heavier states with exponential mass spectrum
3%k not known experimentally but can be postulated

3k their decay modes are not known

%k Purpose: extract freeze-out parameters from first principles

3k direct comparison between experimental measurement and lattice QCD
results

2%k observable: fluctuations of conserved charges (electric charge, baryon
number and strangeness)

2k directly related to moments of multiplicity distribution (measured)

2k lattice QCD looks at conserved charges rather than identified particles
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Fluctuations of conserved

—
- —
" Al

3%k Consider the number of electrically charged particles Nq

charges

%k Its average value over the whole ensemble of events is <Ng>

%k In experiments it is possible to measure its event-by-event distribution

Number of Events

6 T T T I T T ] T T ' T 71 T L ' LI B | LI I LI LI I LI | L l LI
10°ka) 7.7 GeV ib) 1.5 GeV =) 19.6 GeV Au+Au
10%) 3 mi < 0.5

3 om 02< P <2.0 GeVic

4

2 =] L _RO
103 LT E 3‘ .. M % : (3)0%%
N | ¥ - ¥
107 el ¥ 3 ¥ oh % X ey ¥ o 60-70%
102k 1 g | ™ M X . ¥ T B e
. O o ' ¥<}a . X o & s ¥ STAR Preliminary
S IR T T ;

40 STAR Collab

.» 1402.1558




Fluctuatlons of Conserved Charges’?’?’?

*k If we Iook at the entlre system none of the conserved charges will
fluctuate

%k By studying a sufficiently small subsystem, the fluctuations of

conserved quantities become meaningful
dN/dY

A AYac:cept > AY'co'rr

A},total > AYa,ccept > A},kick

Y, <« 7V 7 4 E—> AY,
w2 NI M
//////// v/ S . >

AY

corr

— AY

accept

| AY |

total

-

= AYiotai: range for total charge multiplicity distribution

= AYaccept: interval for the accepted charged particles

= AYcorr: charge correlation length characteristic to the physics of interest
= AYiick: rapidity shift that charges receive during and after hadronization

41 V. Koch: 0810.2520



Cumulants of multiplicity distribution

—"

3%k Deviation of Nq from its mean in a single event: ONq=Nq-<Ng>

%k The cumulants of the event-by-event distribution of Nq are:
K>=<(0Nq)2> K3=<(0Nq)3> K4=<(0ONgq)4>-3<(0Nq)2>2

¥ The cumulants are related to the central moments of the distribution
by:

variance: 02=K2  Skewness: S=K3/(K2)32 Kurtosis: k=K4/(K2)?

vvvvvvvvvvvvvvvvvvvvv

A A 053033 }
0s -

0ASSS3 r
0.2398% +
0.35 ¢
03 ¢

0.28 +

Negative Skew Positive Skew 01s b
0l r

0.05 ¢

4.2 09 8 -7 6-5-4-3-2-1012234356788910



Experimental measurement

e ;
4
L - R N S VR LU g . N Y A N . b

P ¢ -~ ] ? - & 81 ve J . ¢
- Oy = | > . . 4 et . e ' N (4 — »
. ¢ Ly = d L 3 » YA\ N Y PR 7 : ey U o gy o . A 3 /

3%k Volume-independent ratios:

M/G2=K/Ko So=K3/K> ko2=K4«/K> So3/M=Ks/Kj

T T T T T T 7T L
| | |

LIV LI L L LA B L L LB DL LA L L |
) 11.5 GeV ) 19.6 GeV Au+Au

T
105 _ Ml <0.5

E 02< p; < 2.0 GeVic
10°F !‘%.\ ¥ 0-5%

s - m 30-40%

¢ 60-70%

STAR Preliminary

10%
10°
10°}
10°}

Number of Events

STAR Collab.: 1402.1558
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Experimental measurement

3k Volume-independent ratios:

M/G2=K/Ko So=K3/K> ko2=K4«/K> So3/M=Ks/Kj
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. 7 W N Dt B
gag ¥ 4 N <05 ok * - hl<0.5
o.aE T4 3 # ml 0__,..; N #
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0‘2: ks S Foisson 10 A «oo-- Poisson
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S5 AN ' = o -5
0 0 T 11 1 1“1 ' 1'1 o l‘l‘ OrT b :l ' . | ’5‘_" P P TR ST S
W03 ¥ [d276ev
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Susceptlbllrtles of Conserved charges

B Susceptlbllltles of Conserved charges
VBSQ _ gltming /T
mn 9(up/T) 0(ns/T)m0(ng/T)"

3k Susceptibilities of conserved charges are the cumulants of their event-
by event distribution
2

mean : M = x1 variance : 0° = x2

3/2

skewness : S = x3 /x kurtosis : kK = x4/ X%

So = x3/x2 ko? = X4/X2
M/o2 = X1/X2 503/M = X3/X1

3%k Lattice QCD results are functions of temperature and chemical
potential

= By comparing lattice results and experimental measurement we can extract the
freeze-out parameters from first principles

F.4£arsch: Centr. Eur. J. Phys. (2012)



Baryometer and therm

_/‘

ometer

et

Al

%k Let us look at the Taylor expansion of RB3;

5 XB(T,ug) xB(T,0) +x22(T,0)q1(T) + x&°(T,0)s1(T) )
RBI(Ta :U'B) — B T — B BQ BS T O(/l'B)
X?(T,uB)  xB(T,0) +x72(T,0)q1(T) + xB5(T, 0)s1(T)

3k To order U4g it is independent of yg: it can be used as a thermometer

%k Let us look at the Taylor expansion of RB12

Rle(T ug) = X1B(Ta LB) - X?(T, 0) + XﬁQ(Tv 0)q1(T') + XlB1S(Ta 0)s1(T)) HB n O(u%)
2\->KEB) = R = B \F'B.
Xz (T, 1uB) xZ (T, 0) T

3% Once we extract T from RB34, we can use RB1; to extract ps
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3k Effects due to volume variation because of finite centrality bin width

3k Finite reconstruction efficiency

3k Spallation protons

2%k Canonical vs Gran Canonical ensemble

2k Proton multiplicity distributions vs baryon number fluctuations

3%k Final-state interactions in the hadronic phase

46
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3k Effects due to volume variation because of finite centrality bin width

= Experimentally corrected by centrality-bin-width correction method

3k Finite reconstruction efficiency

= Experimentally corrected based on binomial distribution
A.Bzdak,V.Koch, PRC (2012)

3k Spallation protons

= Experimentally removed with proper cuts in pr

% Canonical vs Gran Canonical ensemble
= Experimental cuts in the kinematics and acceptance V. Koch, S. Jeon, PRL (2000)

2k Proton multhllc;lt y distributions vs baryon number fluctuations
= Numerically very similar once protons are properly treated

M. Asakawa and M. Kitazawa, PRC(2012), M. Nahrgang et al., 1402.1238

2k Final-state interactions in the hadronic phase
J.Steinheimer et al., PRL (2013)

= Consistency between different charges = fundamental test
46



Results
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neither chiral symmetry (mq=0) nor confinement
(Mmg==) Is well defined.

2nd order, O(4) Existence of QCD critical point

2nd order, Z(2) predicted by models
1st order

""" crossover
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neither chiral symmetry (mq=0) nor confinement

(Mmg=<) is well defined.
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.........................................

2nd order, O(4)
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crossover

Existence of QCD critical point
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Fluctuations at the critical point
1 Q(U‘. )
< e Consider the order parameter for the chiral
| \/ phase transition o ~< /7)) >
7 | It has a probability distribution of the form:
oy
2 Plo] ~ exp{—Q[o]/T},
K= HCPp 2

Q= /d% [%(Va)%%a%ﬁa%r Ao

3 1

3 where:  mg, = €71
K= [ep
and, near the critical point, ¢->°:

)\3 - X3 T (T f)_3/2, and )\4 - X4 (T f)_l

K3= (o%) = 2VT3/2 )g &5 Ka= (ov) =6VT?[2(A3)% — A\4]&7

M. Stephanov (2009)
correlation length ¢ is limited due to critical slowing down, together with the finite time the
system has to develop the correlations: ¢<2-3 fm

49 Berdnikov-Rajagopal



Experlmentalﬂuctuatlons

We consider the fluctuatlon of an observable eg proton multlpI|C|ty)

ON =) onp

At the critical point, it receives both a regular and a singular contribution. The latter
comes from the coupling to the o field:

0 onp
onp = on, +—=gdo
N om
. . w
statistical L
. critical
(Poisson)
A T crossover (A3 = 0)
S \'\\ e st order
.... | L . critical point _
e Higher order moments have

stronger dependence on ¢ they
are more sensitive signatures for

the critical point

freeze-out point
with max &

. contours of
equal
freeze- out points qual §

Vs \/_
KB

- M. Stephanov
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Sign of kurtosis

-

The 4th order cumulant becomes negative
when the critical point is approached from
the crossover side: from Ising model:

M=RPBB, t=R(1-62), H=RB3h(6)

Ka=<M4> (t,H)->(u-uce, T-Tcp)

;gg | Consequently, the experimental 4th order

80 fluctuation will be smaller than its Poisson
g ¥ value (precise value depends on ¢, on how

40 iy

20 close the freeze-out occurs to the critical

0 point...)

“2%4 02 00 02 04 06

i

<(ON)4>=<N>+<og4/>...
M. Stephanov (2011)
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erimental results on kurtosis
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Kurtosis of Net-protons shows anomalous
dip at Vs = 19 GeV. Not confirmed by
kurtosis of Net-charge.
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2K QCD transition: a smooth crossover at us=0; expected to become first order at large ps
(critical point)

* Lattice QCD simulations: equilibrium, thermodynamic quantities at small s,

3Kk HRG model: good description below the transition. Fit of hadron yields and ratios -> freeze-out
parameters

3K Alternative: fluctuations of conserved charges. Determination of freeze-out parameters from first
principles

3K Fluctuations at the critical point: expected to scale with some power of correlation length

3K The kurtosis changes sign in the vicinity of the critical point
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