AR e BTG RGN Rt Nt R b BTG IREh  ERhh  Rh  Y

(Un)Knowns about QCD
phases and prospects about

dense QCD matter

Bt R G R BRGRhge  T OGRS e R IR g T SN0
* * * * *

Kenj1 Fukushima

The University of Tokyo

— PhD School on QCD 1n Extreme Conditions —



Useful References

ARt e G g Rt et PG g e I N g e

* 50 Years of Quantum Chroodynamics, Chap.7
2212.11107 [hep-ph]

* Nuclear Matter at High Density and Equation of State
Chap.5
Not yet readable on arXiv... sorry...

* Little-Bang and Femto-Nova in Nucleus-Nucleus Collisions
2009.03006 [hep-ph]

High Temp., High Density,
Strong B, Large Spin, ...

July 23, 2023 @ XQCD School in Coimbra 2



Talk Plans

G0, WO G0 G PR, N P e, N RN B, e

Knowns for QCD Matter at High 7
and Low Baryon Density

Theoretical Knowns and Many Unknowns
at Low T and High Baryon Density

Some Implications from Anomalies

July 23, 2023 @ XQCD School in Coimbra 3



— Day 1 —

Knowns for QCD Matter at High T
and Low Baryon Density

July 23, 2023 @ XQCD School in Coimbra



Quarks and Gluons

BT PN S SN SR SO N PR S T IR S FER R R S SR )

Quarks spin-1/2 (fermions) 6 flavors 3 colors
(transform 1n the SU(3) fundamental rep.)

quark  red / green / blue

L

Gluons spin-1 (bosons) 8 colors (in the adjoint rep.)
=3x%3-1 (singlet)

rr rg rlb gr go gb br bg bb - (rrt+ggt+bb)

July 23, 2023 @ XQCD School in Coimbra 5



Origin of the Mass

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Quark Model

Phenomenological Mass Formula
Mhadron — Z m; —+ AM

“Constituent Quark” My g ~ 360 MeV

July 23, 2023 @ XQCD School in Coimbra 6



Origin of the Mass

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Magnetic Moment of Spin-1/2 Particles

qh
T om 2m

Spin effect is more suppressed by larger mass

July 23, 2023 @ XQCD School in Coimbra 7



Origin of the Mass

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Quark Model 4 1

Hp — gUu — gﬂd
Wave-function — 4 1

Mn — g,ud — g:uu

“Constituent Quark”

by = 2 = 24y — my ~ 340 MeV
2m,

July 23, 2023 @ XQCD School in Coimbra 8



Origin of the Mass

R0 DTG g OGN R R R N WG e Gt RGN R b Y

But, up- and down-quarks are almost massless!?

Flavor Charge Mass
u-quark (2/3)e ~3MeV
d-quark -(1/3)e ~S5SMeV
s-quark -1/3)e ~100MeV
c-quark (2/3)e ~1.3GeV
b-quark -(1/3)e ~4.2GeV
t-quark (2/3)e ~170GeV

July 23, 2023 @ XQCD School in Coimbra 9



QCD Energy Scale «,(Q?

05 —
)
a Q) [\
0.4 [\

\
03 |

0.2 +

0.1

Origin of the Mass

ST R SN RS R SN R SRR SN S SO TR PR TR O TR ST O TN

Theory | ©
(pam\ 712

Hadron Collisions o>

Deep Inelastic Scattering
¢*t¢ Annihilaton (o]
Heavy Quarkonia

a e » |[NNLO
Lattic

A% as(MZ? |

213 MeV— 0.1184] 7

{ 251 MeV —-- 0.1215] 1

178 MeV —— 0.1153] |

1

~ Bo ln(QZ/A%QCD)

Coupling getting weaker at
short distances (anti-screening)

+

A

X

Hadron size is fixed
by the screening and
the mass should be

comparable to the
QCD scale.

July 23, 2023 @ XQCD School in Coimbra 10



Chiral Symmetry

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Massless QCD has global symmetry:
SU(Nys)L x SU(Ng)r x U(1)a — SU(Ny)y

Massless (Chiral) Dirac Fermion

¥ Right-handed\ Lett-handed

Weyl Fermion Weyl Fermion
o~ -~

Spin ¢ 4+
Momentum >

July 23, 2023 @ XQCD School in Coimbra 11



Chiral Symmetry

G0, WO G0 G PR, N P e, N RN B, e

Massless QCD has global symmetry:

Mass term: mqgq .
induces m if \ \@ i 5= 41

\\\ \
Chiral Condensate ;/4(11 R\Of\m 20
<QQ> X TI' \w\
: = Ns=-i

is not zero. & @/\ \
0=0 0=+1\

Q=-1\
July 23, 2023 @ XQCD School in Coimbra 12




Spontaneous Breaking

SRt O g R ST NN R g R NN SRRt RS g, S

Zero-point Oscillation Energy [Peskin-Schroeder]
_ / (g;f)g o (ahap + ap.af]) (2.31)

The second term is proportional to §(0), an infinite c-number. It is simply
the sum over all modes of the zero-point energies wy/2, so its presence is
completely expected, if somewhat disturbing. Fortunately, this infinite energy
shift cannot be detected experimentally, since experiments measure only en-
ergy differences from the ground state of H. We will therefore ignore this
infinite constant term in all of our calculations. It is possible that this en-

ergy shift of the ground state could create a problem at a deeper level in the
theory; we will discuss this matter in the Epilogue.

Not true for QCD! wp = v p? +m?

Dynamical Quantity

July 23, 2023 @ XQCD School in Coimbra 13




Spontaneous Breaking

Mass dim. 3
Mass dim. -2 T, ~ <¢i757-i¢> — ()

July 23, 2023 @ XQCD School in Coimbra



Spontaneous Breaking

ARt e N R BORRt  Re OGP OGPt N N R g, 00

Zero-Point Oscillation Energy

A 43
d”p
— 2 / 3 \/}?2 + M2 Look at the curvature
(27T) yat
at the symmetric point.

~ 2+.+(9 ¢ = M/A

negative
Interaction Effect

Dynamical mass
generated for ), > 972

2)\ A 4 Nambu—Jona-Lasinio 1961

posmve
July 23, 2023 @ XQCD School in Coimbra 15



[ ] [ ] [ ]
Phases in Extreme Conditions
Pt O WO WA WO W WO WPy MO WO NPt W

Origin of the Mass = QCD Vacuum

RHIC: From dreams to beams in two decades

Gordon Baym VaCllllm

Department of Physics, University of Illinois at Urbana-Champaign

Urbana, IL 61801, U.S.A. ~ Medium?
This talk t the hist f RHIC the last two decades, iewing the scien-
is talk traces the history o over the last two decades, reviewing the scien- Changeable??

tific motivations underlying its design, and the challenges and opportunities the machine
presents.

1. THE VERY EARLY DAYS
The opening of RHIC culminates a long history of fascination of nuclear and high Qual'k mass

energy physicists with discovering new physics by colliding heavy nuclei at high energy.

As far back as the late 1960’s the possibility of accelerating uranium ions in the CERN Change able?
ISR for this purpose was contemplated [1]. The subject received “subtle stimulation”

by the workshop on “Bev/nucleon collisions of heavy ions” at Bear Mountain, New York, YeS'

organized by Arthur Kerman, Leon Lederman, Mal Ruderman, Joe Weneser and T.D. Lee °

bringing heavy ion physics to the forefront as a research tool. The driving question at the
meeting was, as Lee emphasized, whether the vacuum is a medium whose properties one
could change; “we should investigate,” he pointed out, “... phenomena by distributing
high energy or high nucleon density over a relatively large volume.” If in this way one could
restore broken symmetries of the vacuum, then it might be possible to create abnormal
dense states of nuclear matter, as Lee and Gian-Carlo Wick speculated [2]. 16

arXiv:hep-ph/0104138v2 16 Apr 2001




Phases in Extreme Conditions

S TN TR TN R SN N SN SR S R SN R SN SN R SN S B

------

-----

-----

Quarks are no longer confined
“Deconfinement”

High 7 ~ 200MeV

July 23, 2023 @ XQCD School in Coimbra 17




Phases in Extreme Conditions

ARt e N R BORRt  Re OGP OGPt N N R g, 00

¢ ) ¢

~350MeV High T ~ a few MeV

Masses “melt” around the temperature ~ 200MeV

Almost massless fermions appear there!

Hot and Dense QCD Matter = Chiral Matter

QCD 1s a highly nontrivial theory with topological phenomena.
Quantum anomaly has been a central subject over half a century.

July 23, 2023 @ XQCD School in Coimbra 18



Phases in Extreme Conditions
f@!’ﬁw%ﬂh*e&h%e&%’&ﬂ"m"ﬁvm-eﬁﬁhaeﬂh%‘e&’hﬁt ‘o5

Heavy-Ion Collisions

Two nuclei approach...

... and collide...

... and a quark

gluon plasma
(QGP) is made.

July 23, 2023 @ XQCD School in Coimbra 19



Probing the QCD Phase Diagram
R B, B0 O, B0 000 B, BRI R, B0 R, B0

on Plasma

Temperature 7

Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential 1

Gluonic phase, Mixed phase

Some inhomogeneous phase is suggested!?

July 23, 2023 @ XQCD School in Coimbra 20



Probing the QCD Phase Diagram

SRt O g R ST NN R g R NN SRRt RS g, S

The very first phase diagram of QCD matter!

A
fa

Cabibbo-Parisi (1975)

Hagedorn limiting temperature

I

»
T

July 23, 2023 @ XQCD School in Coimbra 21



TEMPERATURE, T

Probing the QCD Phase Diagram

R0 DTG g OGN R R R N WG e Gt RGN R b Y

!

Baym (1982)

CHIRAL RESTORATION)

DECONF INEMENT

Deconfined
mass less quarks,

dec

J

g luons

Deconfined
massive quarks,
luons, pions

Two phase transitions
are considered to be
distinct... different
underlying physics.

Confined
hadrons

/

Pion /
condensation’,a

—

n n n

BARYON DENSITY, Ny

July 23, 2023 @ XQCD School in Coimbra 22



Probing the QCD Phase Diagram

ot Gt OGN T OGRS SR N SRR RN SR, R

PHAsE DiAGRAM oF NucleAr MaTTeR  Baym (1986)

f"’ peconewen avarws [ attice-QCD implies

L B AND GLUONS

N o SENCROp i e o wmoaess WO transitions are
‘ locked together!?

W f’ RADROWVLS,

g ' TMASSLESS” PronRS Nuclear .

q F(O-jﬁhfc-*m

5 | ngfong

3 | 8 :

B[ e No lattice data at
& ;k:;‘f:“f' o, “ finite density —

Y& ten ! . ° °
(i Wk 2 I -} . locking there is a
0 f‘nm ZzP‘“‘ ~s"°.Pnu

theoretical conjecture.
BARYON DENSITY

July 23, 2023 @ XQCD School in Coimbra 23



Physics of (De)Confinement

ARt e N R BORRt  Re OGP OGPt N N R g, 00

A very simple “bag model” picture

372
Confined Phase phadron(T) = O 1+ B
Deconfined Phase 16 + 21) 72
ppert(T) — ( () ) T4

BY4 ~ Aqcp confining pressure in the QCD vacuum

' 11/4
= )0 B ~ 160 MeV

(37 — 3)7?

yuly 23,2023 @ XQCD School in Coimbra 24




Physics of (De)Confinement

ARt NG NN R IR R RGP OGP it I N

Wuppertal-Budapest (2010)

:l — 1 Tt r 1. [ v 1. 1. 1 r T r 1 T 1 :_-
a3 SB™15
4:— 8(7—) ........ i i p E

1 - ~ Ppert -

= 3F 410 &

= p(T) ]l 3

Q. - I =
2 - Nt=6 _5 I

E mm =8 -
1E ™ N :

- ~ Phadron Ni=10 |

REE [N TN TR TR N SRR NAN TAN NN TN TR SR RN SR N -
200 400 600 800 1000

T [MeV]

July 23, 2023 @ XQCD School in Coimbra
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Physics of (De)Confinement

e BTG RGN Rt N R e BT e IR T SR i Y

Confinement of Quarks (Wilson 1974)

(W(C))

= <trPexp 7)97{ dxt A, >
: C _

(Confinement)

= (W(C)) ~ exp|—#Ac]

Ac = (Area)

Area Law

» X

July 23, 2023 @ XQCD School in Coimbra 26




Physics of (De)Confinement

SRt O g R ST NN R g R NN SRRt RS g, S

Confinement of Quarks (Wilson 1974)

Pair production of
dynamical quarks

(W(C)) ~ exp[—7fLc]

Lc

= (Perimeter) .
Perimeter Law

» X

July 23, 2023 @ XQCD School in Coimbra 27



Physics of (De)Confinement

G0, WO G0 G PR, N P e, N RN B, e

N+ N W(C) = trL(0) trLi (r)

1t (W(C)) = (trL(0)trLT(r))
Y A UIT = exp|— foq(r) /T
Z =tre /T ([ (trLY|* (r — oo)\

it <7 = exp[—2f, /T
A, (T +B) = A,(r) Polyakov 1 T
W(r+8)=—p(r) Loop &= (trL) ~e

J

July 23, 2023 @ XQCD School in Coimbra 28



Physics of (De)Confinement

ST R SN RS R SN R SRR SN S SO TR PR TR O TR ST O TN

Screening Effect in the Confined Phase
fqs5(r) — 2(hadron mass) (r — o)

fq — (hadron mass) (in “conf.” phase)

: Linear potential is
e /T =1.002 —e— < 0 .
Tesior screened” at large distances

Y TT.=081 —e—s TT.=1.16 —a—i

T/T.=0.87 —v— T/T =122 —e—

T/TC =0.90 —ar T"Tc =150 +—e—

f T:"Tc=0.96 ——i T.TC =198 +—+—
2 L T/T.=3.00 —s— |
f . e T/T =401 +—s—

0 1 2 3 4 5 6

No way to define confinement at finite 7

July 23, 2023 @ XQCD School in Coimbra 29



Physics of (De)Confinement

S TN TR TN R SN N SN SR S R SN R SN SN R SN S B
Polyakov loop increases very smoothly:

Lattlce from BNL Blelefeld (2010) Lattice from Wuppertal-Budapest (2010)

057 _ 10—
(T) ] [ , -
04 N.=6 —a— g ] 0.8l Xs!T v
N=8 —a— . ® ] o | g
L 4 q) B
03 | stoutcont. —#— 2 !
| I 2 06} <
L © F
<1 ok T 04} .
[ w o Tt 4~ Renormalized
01} %ﬂé ] ) [ ' Polyakov Loop
: — 3 0.2f
- 3 I ¥ ] | i |
0 T [MeV] ! . ]
- OO0t Y "8 e .

There is no clear-cut 7. for deconfinement.

July 23, 2023 @ XQCD School in Coimbra 30



Physics of Chiral Restoration

BT PN S SN SR SO N PR S T IR S FER R R S SR )

SU(Nf)L x SUNp)r x UdTa — SU(Ny)y
_C_’ —C—> v Shall be explained
on Day 3.
For N¢=2 2nd-order “expected”

from the universality

SU(2) SU(Q) — SU(2)
SO(4) — SO(3) Massless ", 7%, 7°

0 Massive o
Degenerate o, 7°, n*, ~

July 23, 2023 @ XQCD School in Coimbra 31



Physics of Chiral Restoration

Pt R O RO R R WO WO R R, O WP

r= [ dte (067 + clol + il +-
Idea of “Universality” "

Critical Line

\_/

\J/

Symmetric
Phase
Broken
Phase
A
> C)

July 23, 2023 @ XQCD School in Coimbra 32



Physics of Chiral Restoration

BT PN S SN SR SO N PR S T IR S FER R R S SR )

SU(Ny)L x SU(Nf)r x UdTa — SU(N;)y
—C—> —C—> v Shall be explained
on Day 3.

U(1)a Breaking Interaction

det[%(l + ’Y5)¢j] — det[ij@En(l T ’Y5)¢M]L:rzi]
\ = det[R] det[L] det[t; (1 + 5);]

<ﬂu> < CZ d> <§8> N <gq>3 1st-order transition

is strongly favored.

July 23, 2023 @ XQCD School in Coimbra 33



Physics of Chiral Restoration

ARt e N R BORRt  Re OGP OGPt N N R g, 00

00 Q hed
. =
Located in the ~. 04 o g\ Ist ue.nc. ¢
crossover region ©%
AN <
Close to \ Physical 006(
the O(4) 2nd? é o
Crossover
confirmed by
finite-} analysis
Aoki et al. (2006) _ :
() Mud x

July 23, 2023 @ XQCD School in Coimbra 34



Physics of Chiral Restoration

Rt G RGN G T, SN ARGt G RGN RGN e, e

Pisarski-Wilczek (1984)

Q0
If U(1)a is restored then ~_04) n% 1st
symmetry is not O(4) but grd %r,;f*%k
O(4) x O(1) and the leading R
order € expansion cannot B &
find a fixed point... .| Y Point? &
1st-order phase transition? S b v
Point

Recent lattice-QCD suggests
the 1st-order region is tiny w——jp
or even entirely vanishing!?

See; Philipsen (2022) M ud oC

July 23, 2023 @ XQCD School in Coimbra
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Relation Between Two Transitions

G0, WO G0 G PR, N P e, N RN B, e

Gluon Sector

1 a a
Lym = _ZFHVFLW (Ay = Ap+ A)
Apy = Q—Wdiag((h q2,-..,4N, ) — Z—W iq-& (Z ;i = O)
g/B Y Y ) C gﬁ — 11 Z 1

Dpy A, = 04 A, — 19| Apa, Au] — 3ii’j)«4§f’j)t<i,j)
8ii’j) = Oy — 2710,,4G;; Qij = 4i — 4j

A, appears like an imaginary chemical potential

July 23, 2023 @ XQCD School in Coimbra 36



Relation Between Two Transitions

5 PPN RS SRR TR IR SN P R O TR S PN TS T

Gluon Sector
_ dgp l —B|p|+27ig;; ! —B|p|—2miqi;
Vglue[q]_zv WZ{H@—@ )—I— n(l—e )}

1>]

A, ~ Colored imaginary chemical potential

This momentum integration is analytically done:
€1SS 47T2V 2
Vg\ﬁe q] = 3—53 Z(Qij)?nodl [(Qz'j)modl - 1}
1>]

SU(3) Weiss Potential
SU(2) Weiss Potential

o N “ \ 7
LT ,//// W\ ‘ “\‘
// N\ \\\\\\\ ///// o‘\\\\ W
’///" “\\ A \| n," \\\\‘ ////,o‘ \ W\

\

‘\\““‘w’,’///l//,j‘\f\ W \\\“ \‘0 /////l

7 /] \,\
\\\ '////////11 i, i\ \\ \\\ //////,l'l Il’/ \

\ \‘“‘ il l”A\\\\\\\\“‘ IR
o A\\\\\‘\‘ //////"l’ \\\:\\ ’/&

-2 -1 0 1 2

91 1 \% 0
July 23, 2023 @ XQCD School in Coimbra
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Relation Between Two Transitions

ot Gt OGN T OGRS SR N SRR RN SR, R

Gluon Sector

SU(2) Weiss Potential

One loop potential | | | ! !
has spontaneous /\ /\
symmeetry breaking
and the perturbative Center Symmetry
vacuum is found in
the “broken” phase.
Potential curvature
is the Debye mass. 2 1 Angle Variable 2

(periodicity)

July 23, 2023 @ XQCD School in Coimbra 38



Relation Between Two Transitions

Rt G RGN G T, SN ARGt G RGN RGN e, e

Quark Sector

N

3 | |
unark[Q] = —2NfTV/ (2 ];3 Z [ln(]_ + 6_5(|p|_ﬂ)+27”(h’) + lﬂ(]. + 6_5(|p|+,u)—27mqi)}
/i
=1
NV47T2§C:< Jr1 .5#)2 ( +1 ﬂu) 1]2
= —N{V — G+ 5 —i5— R —-1] .
354 =1 2 2m mod1 2 2m mod1

Complex at finite 4 — Sign Problem
No way to fix the optimal Polyakov loop...!?

SU(2) Full Weiss Potential (N=1)

\\/\\/\\/ \/\\/

Periodicity from symmetry
is broken by quarks.

q July 23, 2023 @ XQCD School in Coimbra 39



Relation Between Two Transitions

EUR OSSN R S T SN S O SN TR S O

Equivalent but more useful expression

d3p

(2m)°

Vvl = ~2NV [ £t w14 LePerm] a1 Ll o]

d3
= —2N{TV / i [m(l +30e Plermi) 4 3prem2BErmr) 4 = 3B(Erm))
(2m)?
+ ln(l 4 30*eBleptu) 4 gp o—28(eptu) 4 6—3ﬁ(€p+u))} 7

This gives a natural coupling betw’n (gg) and ©.
1 1 €i27r/3 4 6—i27r/3 — ()

Polyakov loop = medium screening

July 23, 2023 @ XQCD School in Coimbra 40



Relation Between Two Transitions

ST R SN RS R SN R SRR SN S SO TR PR TR O TR ST O TN

ct. PNJL

T

~ 1

Very simple but robust idea to make them locked

July 23, 2023 @ XQCD School in Coimbra 41



Relation Between Two Transitions

G0, WO G0 G PR, N P e, N RN B, e

Intuitive arguments (Casher)

’ \
4 \
\ AR
.
~ ‘ M
~ .
\\ 1
[} ~, ] '
1
] ] ]
'
) [
'
’ ’
.
.
’ ~ -

If quarks are confined by the spherical potential,
how can quarks flip their chirality?

Confinement — Chiral Symmetry Breaking

July 23, 2023 @ XQCD School in Coimbra 42



Relation Between Two Transitions

S TN TR TN R SN N SN SR S R SN R SN SN R SN S B

T
~ T.

Is this also possible? Yes, e.g. adjoint quarks

July 23, 2023 @ XQCD School in Coimbra 43



Relation Between Two Transitions

ARt e N R BORRt  Re OGP OGPt N N R g, 00

What if there are adjoint quarks?

With periodic boundary condition (in a box)

Gluon+Adjoint Quark
1 812V 2
(5 — Nf) VE ;(Qij)?nodl [(Qij)modl o 1}
1>]

-3 -1 0 I N

O

Upside
down!

Confinement occurs almost
trivially and perturbatively.
Small box — Large box?

2N0(3) M6Te2 Loeuy]

July 23, 2023 @ XQCD School in Coimbra 44



Phenomenology

ARt e N R BORRt  Re OGP OGPt N N R g, 00

~~ 200 I | I | | I | | | | | | I I |
S - | | . . .
2 b o cleymansetal 1 EXperimentally determined
< [ A Becattinietal. . . .
160 s = maonceta. - WIith a clear physics picture
140 | —
120 & 3 Deconfinement = Hagedorn?
100 |- -
80 |- -
s0 3 This tells us a lot of insights
1o —— E/N=1.08 GeV 3 on deconfinement physics
F - s/T°=7 -
00 --.- percolation B
C 1 | | I | | | | | | | I | | | I | A /I
0o 200 400 600 800 1000 Andronic et al. (2010)

1, (MeV)
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Phenomenology

PE TN TN T DU SN N D N TN TR RN SN

How to determine 7 and u “experimentally”

Ratio

10

10

10

T T T T T T T T T T T T T T 11
@"@'@e@a@-’c" Vs, =200 GeV E
I o
3 O 0 - S
- I 3
- O STAR ? 7
§_ 1 PHENIX o _§
- A BRAHMS o, .
[ ——  T=160.5, 1,=20 MeV. i ]
- T=155, 1, =26 MeV - _
SN [ N N (N N R I I |?| L1 |0 e

July 23, 2023 @ XQCD School in Coimbra
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Model Fit
works gooe!

Andronic
Braun-Munzinger
Stachel...
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Phenomenology

PE TN TN T DU SN N D N TN TR RN SN

(Mapping) VINN A Ta KB

—~~ B I T TTTTI I I IIIIII| I | /'\900_ I | IlIIIll I I IIIIII| | -
> 180 1D onnb .
\E_, - i 2800 E_ 2005 fits, dN/dy data _E
- 160 - B 700 . A ratios -
140 - 4 s0F O vyields 3
120 & - s00F =
100 [~ g 400F =
_ new fits (yields) J - u
- 1 300F E
80 0 dNidy : -
60 O 4n — 200 = E
B ——  parametrization ] 100 —
40 — —] - " .

B | | lIIIII| | | IIIIII| | N 0_ | | IIIIII| | | IIIIII| i

2 2
1 10 10 1 10 10
z |

Vs, (GeV) Vs, (GeV)

July 23, 2023 @ XQCD School in Coimbra
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Phenomenology

Pt R O RO R R WO WO R R, O WP

Phase Diagram = Two Hagedorn Transition Lines

- —— E/N=1.08 GeV

T I T T T l T T T I T T T l T T T
® Cleymans et al.
A Becattini et al.
B Andronic et al.

-

F —ee- s/T°=7

N percolation

I R T AN TN T M N SN TN TN NN NN N M S RNER

0 200 400 600 800 1000
1y (MeV)

Mesonic Hagedorn Transition
Z = N/dmp(m) e~ /T

p(m) = ™/

Tc — TH
Baryonic Hagedorn Transition
7 = N/dmpB(m) e~ (m=us)/T

pp(m) = e™3/>

TC = (1 — ,uB/mB)TB
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Phenomenology

ARt e N R BORRt  Re OGP OGPt N N R g, 00

“Experimentally Determined” Phase Diagram

(MeV)

ch

Temperature T

200

—
o
o

o)
o

l_ | I — FI{HIICI Cliollider I I I II:X';' >
NICA
FAIR
JPARC-HI . .
e g g " For full information
B I T % % s see; 2009.03006 [hep-ph]
LHC 2.76TeV T I#l
200GeV 62.4GeV 39 27 T
19.6 T
1.5 GeV
B m 5% Au + Au data (high moments)
O 5% Au + Au data (yields)
Lattice QCD fit
[ Phase boundary
Chemical freeze-out
o--® Liquid-Gas transition ®
| | | | | | | | | | | | | | Iél
10 100 1000

Baryonic Chemical Potential U (MeV)
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