Fishing For the QCD Phase
Transition




The QCD Phase diagram
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Phase Diagrams

Maybe it's better to look at the Phase diagram in density. J
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What we know about the Phase

Diagram

Lattice QCD:
Tc~ 155 MeV

~ pseudo-critical line up to O(u?)

pressure (EoS) up to O(u%)

Theory

\ Measurements

~920 MeV )




Equal-pressure and Pseudo critical
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Is there a critical point?
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|s there a critical point?

Real world
M Heavy quarks




Is there a critical point?

A non-standard scenario: no critical point? sign of ¢ = —==d|
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Note: Surface may bend back!
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Two critical points?

M. Pinto et al, Phys.Rev. C82 (2010) 055205
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Remarks on Phase diagram

1 2
‘gas’ “liquid”
" U
Liquid-Gas

Water, nuclear matter, ...

1

“hadron gas”

“QGP-liquid”

2

“QCD”

1L

Steinheimer et al, Phys.Rev. C89 (2014) 034901
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Liquid Gas vs QCD PT
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Liquid-gas vs QCD

QCD: pressure at T=Tc and y=0 same as at T=0 and p ~ 2.5 p0

Pressure [MeV/fm’]

If T=0 phase transition happens above 2.5p0 —
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Liquid-gas vs QCD

PQM mocel T =100 MeV

. HQEoS T =100 MeV
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T=0: Liquid co-exists with
nuclear matter
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Phys.Rev. C89 (2014) 034901
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attice to the rescue?
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T

Liquid-gas vs QCD

Liquid-Gas
P(T)co-exist =0
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Most models are of liquid-gas type
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Most models are of liquid-gas type
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Guidance from Theory
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Guidance from Theory
The critical Point
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Back to Lattice
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The Lattice EOS
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Derivatives
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How to measure derivatives

Atu=0: ) .
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Cumulants of Energy measure the temperature derivatives of the EOS
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Fluctuations/Cumulants
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T

F=F(), r=+T?+au?

A

Another way

—v

a ~ curvature of critical line

a
OF (T, 1) y=o = ?8TF(T,O)
3
a
OF (T, )= = 37 (T07. — or) F(T,0)

Baryon number cumulants give same info.
Less problem with flow etc.

Needs higher order cumulants (derivatives)
atpuy~0
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Number of Events

STAR net-proton cumulants
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Things to consider

- Fluctuations of conserved charges ?!
- Higher cumulants probe the tails. Statistics!

- The detector “fluctuates” !

- Net-protons different from net-baryons
- Isospin fluctuations

- Beware of the “Poissonizer”

- Auto-correlations

- “Stopping” Fluctuations
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The “Poissonizer’
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N.B. This also affects comparison of Lattice with data to e.g. extract
freeze out parameters
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Correlations: Lattice vs Data
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Auto Correlations

Luo et al, arXiv:1303.2332
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“Stopping” Fluctuations

At low energy most of the baryon number (isospin) is brought in from

the colliding nuclei.

Need to control the fluctuations to due baryon stopping

DN/dY

DN/dY

These fluctuations may also be biased by multiplicity selection.
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Dynamics, event selection ...

(or why a symmetric detectors are good)

Konchakovski et al, nucl-th/0511083

-----

104 all charged

‘ All
ot |'I f""rl%' N /
35 6-{ ) A l“‘«.'.,;
4|
\ Backward
21
o

0 5;) ll‘l) 1.20 260 ‘ .‘ 0 ﬁZﬂO\F ]
N N orward (like data)

Fluctuations are sensitive to dynamics (mixing of projectile and
target material?)

Event selection/trigger affects fluctuations — large Acceptance!
Need backward and forward multiplicity detectors!
Need Backward and forward particle ID (protons) !

34



Co-existence region

Spinodal instability:
Mechanical instability

Op
o <0

>
Exponential growth of clumping

Non-equilibrium phenomenon!

System should spent long time
In spinodal region
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Phase-transition dynamics: Density clumping

hase coexistence: surface tension
Phase Introduce a gradient term:

" =>
transition Phase separation: instabilities m } r)=pole(r), p(r) @

Insert the modified pressure into existing Use UrQMD for pre-equilibrium stage
ideal finite-density fluid dynamics code to obtain fluctuating initial conditions

Simulate central Pb+Pb collisions at =<3 GeV/A beam kinetic energy on fixed target,
using an Equation of State either with a phase transition or without (Maxwell partner):

With phase transition: Without phase transition: Density enhancement:
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Phase trajectories

(J. Randrup et al )

10 GeV/N Au + Au (b=0): (pg(t),&(t))
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Consider two Equations of State

Pressure [MeV/fm’]

400£ ' ' ' ' ] 'I'iadrotn-Oua‘tk Eo's -
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200 |- S '\
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100 o/
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Temperature [MeV]

Steinheimer et al,
Phys.Rev. C89 (2014) 034901
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p, [p,]| NN
0.0 0.50 1.0 1

t=00fm

5 20 25

t=160.0 fm

POM (“liquid-gas”)

t=10.0 fm

CCQCD)’
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Time evolution

Oscillation of nearly

2x10°
0 b stable droplets for
~ “liquid-gas” EoS
N
S 10"
oo
= | HQEos
vy — Unstable
& . ,| — Maxwell
=10°F paM Eos i '}
\Va Unstable : '
-------- Maxwell
o 1 10 100 200
Time [fm/cl

Higher pressure leads to faster evolution of “QCD” EoS.

Steinheimer et al,
Phys.Rev. C89 (2014) 034901
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Cluster a.k.a. nuclei

2x10°
10°

=0)5>

Even 1f total baryon number does
not fluctuate the baryon density does

s
o
~

<p(t)*>/<p(t

Y
o
5

10 100 200
Time [fm/cl

Therefore measure production of NUCLEI: d, *He, “He, "Li....

d)~ [P {He>~ [P {Li>~ pp

Extracts higher moments of the baryon density at freeze out

Nice Idea, but...



“Cluster’ formation

N,.o/N
04¢r As As2 -
“QCD” EoS Unsiable
- = = - Maxwe
0.3 N,.s/N,.
o Unstable
i < ﬁ § - - - - Maxwell
- 0.2
hadron— gas QGP-liquid T
p
0.1
0.0
0

Time [fm/c]

Clumping in coordinate space is compensated by dilution in
momentum space — tiny effect

Steinheimer et al,
Phys.Rev. C89 (2014) 034901

/Users/vkoch/Documents/talks/2014_Trento/talk.odp 4 2



Other Fishing Ponds

* Flow
* Dileptons
 exotica such as Chiral Magnetic effect
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(a1) 10-20%

0.15 4

02}F -Fn 1020000‘/0}15

| (b1)20-30%

0276 TeV
0200 GaV
n62.4 GeV

¥ 27 Gev
0 19.6 GeV

A115GeV |

Elliptic flow:

- Little change from top RHIC/LHC energy!

P, (GeV/c)

0

- Quark number scaling still works
- Stopping of baryon number and isospin

splits v, between particles and antiparticles
- Directed flow (v,)
Minimum in directed flow. But tiny effect
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Directed Flow (v1)

STAR Data
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TINY effect! First make sure that vi1 in models is ~ 0
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CME & Charge Dipole
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A dipole charge distribution along out-of-plane direction
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The STAR measurement

(which everybody discusses)

3P correlations: Voloshin (04)
{ms{‘;bu + @5,& - ZTRP}} {m5(¢ﬂ * ‘—rb,ﬂ _ zq&c}}f{l"i,c-
= 10"
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CME expectation STAR (09)
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The STAR measurement

(a closer look)
Concentrate on same sign pairs for the moment

P (out-of-plane)
y tY¥Y,,=
g cos(mr/2+1/2) Set ¥rp =0
E] <COS<¢1+¢2_Y/R.P>>++:<COS<¢1+¢2)>++
—> .
P (in-plane) T b [memer L}
& =
- [ a‘p& —!;i— opp charge, f::ucu
<COS ( bt~ 2 Y/R.P. ) >++ <0 ic & i %“* .
e [m
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cos(0+1r) St
Af 2
E E> 70””6IO””5I0“”4I0“IéIOI“IZIl'J““1Il)”“0

) % Most Central
P (in-plane)

How to distinguish?
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The STAR measurement

(which not so many discuss)

Add (cos(¢,—¢,)) to the mix

Py(o t-of-plane)
3
4 (cos(ep—,))..>0 B
&5 3 STAR AuAu200GeV | —
> &° 25¢ o e |
P (in-plane) ‘g 2 E
S sp = opp. Sign. E
(cos(p+,—2¥ ;) <0 n;g ] :
P Out_of- lane DE“ ............................................................................. :;
/ $ p/ 050 E
- same sign E
cos (¢, — <0 TR T
< ((bl (l)2>>++ 70 60 50 40 30 20 10 O
(1] [+, % Most Central
P (in-plane)

Data favor in-plane back-to-back correlation

/home/vkoch/Documents/talks/Wroclaw_2011/parity_talk.odp
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The bottom line....

Py(outA-of-plane)

(]

Py(outA-of-plane)

+

-

P (in-plane)

>

P (in-plane)

Local Parity violations
Predicts THIS

STAR measures THAT
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Energy dependence.....

; 60 - 80% :
E AN 3
= . J. Onderwaater, Hot Quarks 2014
: RP— : x10°
; x=15 - A g n | '
- -y 3 '—% - STAR Au-Au 4 Derived from:
: BES Il error projection - - m Vs (GeV) 1 STAR
T I Y | IR A i 55RZLé01213 (2014)
: . I ® ' 30 -60% : _i- ) L +* 196 s 27 %] |
S ~ ° 1 N PRL. 103 (2009)
n S ~—— _ - N T3 * 624 7 7 2A51601
F ] e e — b 3 T #200 “I”D Y6, |
= /-' ’ T - C\.} o o ia o O o rlt"é N
- |/ - 0 —#000006 §DE‘DDD@ Y Pog o } —
C - - ..* *o'.... . ¢ .
‘_AA;AI 4 AAAqt‘Au & Sdd - B . ..* i‘. }é N
i T 4 i L * B
: v 10 - 30% ) e - opp. t i
: * | I t 1 B 0.5 | ! ! ! éT_
: —— _\. nnnn u -.—‘-.“ : 1 1 1 1 | | | | 1 1 1 1 1 1 1 1 1 1 1 1
._* e N T o 10 20 30 40 50 60
1/ — e ) centrality %
- 1‘0 _|_:7' ‘l;’

..of an un-understood observable.....
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Time for systematic approach
(BES Workshop, LBL, Sept 2014)

- Need good simulations for BES similar to top RHIC hydro
- ISSUES:

+ Stopping / baryon transport
- Equation of state

- Fluctuations (hydrodynamical, critical, instabilities)
- Anomaly dynamics

Physically well motivated parameters are better than
unphysical models
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Things to do

- Factorize the problem!
- Critical fluctuations, anomaly dynamics are “perturbations”
- Dynamical framework controlled by “bulk” observables

- Stopping/baryon transport

- Start from present RHIC/LHC codes and slowly increase u (39
GeV).
- EOS known from LQCD
- Concentrate on initial state, baryon transport, heat conductivity etc

- Equation of state

- Lattice

- Nuclear Matter

- Minimize ignorance, parametrize the rest
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Summary

* Phase diagram well known for small py (Lattice)
- No sign of phase transition there
* Little guidance from theory for large p

- most models predict phase co-existence between QM and
vacuum

* BES | shows some interesting results
- need to systematic modeling
*stopping
*EQOS (in necessary parametrized)
estart at high energies and work ourselves down
*need spectra and rapidity distributions/correlations

And with a little luck..........
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We will catch the thing
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BACKUP
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The Dilepton production

landscape
MomentumA
1 GeV 1
Chiral and hagiill
4 dynamics
QCD| 4
CP
L : e
0 (1 GeV)? )
Space-like Time-like Mass

e-¢' scattering dilepton production



VIRTUAL PHOTON RADIATION FROM HOT AND DENSE
QCD MATTER

Model: Ralf Rapp

STAR: QM2014,

NAG60: EPJC 59 (2009) 607,

e CERES: Phys. Lett. B 666 (2006) 425,
' HADES: Phys.Rev.C84 (2011) 014902

full model

o 05 1
invariant dielectron mass, My (GeV/c)
allgr
ar s 2 5
T-:T.-h= 175 MeV, a=0, 1 ¢“ffm

M (GeV)

[ T ot
0 02 04 08 08 1 12 14 18
m,, (GeVic’)

=
=)
&

= — :
N
o
S Ar+KCl 1.76 GeV/u
$1otr
< B / \
= T, ZA\
210° # —_—
s F % HADES
3 | ff:i
S0 i :
Z E 4
z | it
F ]
Z‘ﬂo ; 7, @ comp. subtracted s |
el I
0°%2 04 06 08 1

M,, [GeV/c?]

T. Galatyuk, QM 14



Low mass

- - 1% >e*ey — Cocktail w/o p
> I - — n-oe'ey -+ Medium
D ool In-In" dN_ /an>30 : — 5 DIAoe*e © 19.6 GeV x 0.0002
E W . 102 - ' >e'ey @ 27 GeV x0.01 ]
8 - %* ' v excess dimuons | - Jy o e'e © 39GeVx0.5
= [ ™ * Renk/Ruppert : - 0 e'e(m) © 62.4GeVx 15
& 107F ‘5& * Hees/Rapp ’ 0 — ee’(m) © 200 GeV x 200
2‘5 i # Dusling/Zahed SN
S I 100 ) 0P 7 | STAR Preliminary |
= 10°F —_ |
5 - D $
“2‘*% [ 1t (\I:; 00
€ ok s 10
- O
- | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 Il 1 | 1 1 %‘t‘%"?‘ 8
107 0.5 1 1.5 2 2.5 =
2 o\ -4
s10°E Ar + KCI @ 1.76 GeV UrGMD &g 10
g o UFQMD ( + 1 + ©) and in-medium Spectral . ¢ 5
; 10 Function from Coarse-Graining (p) ..., }l % _g
> - Rapp Wambach < \
2 10* in-medium p ~ 10
= For comparison:
c 8 === p With no baryon effects
10-6 £ 10'8
107 el h‘ ‘ 1
111 B |
8 J, -10 | . Ui | A
10 01 02 03 04 05 0. 9 10
M [GeV] 0 0.5 1 1.5 2 2.5 3 3.5
H. van Hees, BNL 14 invariant dielectron mass, Mg, (GeV/c?)

Low Mass region is understood:  Baryon resonances plus
broadening through mixing

/Users/vkoch/Documents/talks/2014_ CBM_KRAKOV/t 3 6
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Intermediate Mass

In-In dN_/dn>30

10 E 7
E 4 '- * v excess dimuons
- i' *~ Renk/Ruppert

# Dusling/Zahed

radiation. NA60: T ~200 MeV

What to expect at lower energies?
Should we see any radiation 1f no QGP? YES!

Will we see simply a lower temperature? (Hopefully !)

Fipivnein i Intermediate mass sensitive to “QGP”

/Users/vkoch/Documents/talks/2014 CBM_KRAKOV/t
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“Charge” fluctuations

dN /dy
W

AY .
/ correlation

ﬁ <« e \
\’\fd A Ycoll y

accept

Conditions for “charge” fluctuations:
DAY .. << A Y.opt (catch the physics)

DAY, ., > AY . >> AY_, (keep the physics)

total ept
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“Charge” fluctuations at SPS and
below

dN /dy
W

correlation

Conditions for “charge” fluctuations:
DAY .. << A Y.opt (catch the physics)

DAY, ., > AY . >> AY_, (keep the physics)

total ept
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“Charge” fluctuations at SPS and

below
dN /dy
| correlation
>
w A Y coll y
AY

Condition

1)A Ycorrrelation
DAY, >>

total

atch the physics)
(keep the physics)
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"Avolid” conservation Laws

Cm

L0 Define: Ryn = ——

0.8} 3

> D= Rys—Rus [1- 30 49)63 - )

0.4} 4

0.2}

0.0} v=+/1+8R3,
~0.2
—0.4 D =0 for ALL values of p, B, ...

DI 02 Bit. GIS 0I5 10 in ABSENCE of any correlations

No physics

-0.4} | 1 |
00 02 04 06 08 1.0
P

A .Bzdak,VK,V.Skokov arXiv:1203.4529 0.8 0.9 1.0 1.1

-~
e
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p, [p,]| NN
0.0 0.50 1.0 1

t=00fm

5 20 25

t=160.0 fm

POM (“liquid-gas”)

t=10.0 fm

CCQCD)’

65



Coordinate space
10°

F Coordinate space POM
W B Unstable
0 Maxwell
HQ
) ] ® Unstable
10" n o  Maxwell
<
> » -
v . o .
[3 10} ° ©g " -
o o © c o
0 ° "
o © ©
10° -
2 3 9 5 6 7 8
n

Coordinate space asymmetries
sensitive to nearly stable droplet
formation 1n “liquid gas” EoS

A
AL

Momentum space

t Momentum space PQM
L W Unslable
0 Maxwel
HQ
3 o ® Unstable
{> O Maxwel

by
' ' 'S p 'S '
2 3 4 5 6 1 8
n

Small pressure of liquid:

weak mapping into momentum space

for liquid-gas
Hardly any effect of instabilities
in case of “QCD” EoS

Steinheimer et al,
Phys.Rev. C89 (2014) 034901



