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Hadronic observables

Hadron gas

T

Recombination  Fragmentation

e .._e!P.f’ —

QGP (Mini-
fluid Jets

» : CIENE
collision axis N

Gluon saturation Dilute parton gas

e
Soft sector ‘ ‘Hard sector

time
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Hadronic observables

T

Hadronic transport
| .
Recombination String
model fragmentation

/‘\I
Hydro- ydro+jet
model

hadron gas

dynam]cs Jet quenching

Glasma || collision axis  -|5ssica] Yang-Mills

Gluon . . CGC pQCD

saturation =
‘Soft sector ‘ ‘Hard sector |,




(Almost) full 3D Classical Yang-Mills

i i Energy density evolution

Decreasing Bjorken x
JIMWLK Evolution

@ /syy =2.76 TeV

E Az @ This is within the “plateau”
‘J | MWLKO)*]J "H 7K'T/_-|: e 7 = 0.6 fm: Energy density reasonable for hydro
Yy = i4‘25 @ Decorrelation visible

See also, B.Schenke and S.Schlichting
PRC94, 044907(2019)

Jeon (McGill) 3D IP-Glasma 13/20

#HTMD3D IP-Glasma + MUSIC + UrQMDETE
> VI CRIBROFESEERD ? :
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Factorization ratio 7, (ng, nb

with initial longitudinal fluctuations y

PbPb 0-5% 3.0 < NP, <4.0 PbPb 20-30% 3.0 < ", < 4.0

____-_
~

_ a _ _
25<n, <-20
— 2.0 <78 < 2.5
Vi "CMS ['-'hin =i 0.9 viscous hydro . b
T'Iuclummg hyd‘rlr.:;?is;(:ldf:: | S | - uctuating hydro :2: m 3 : O < np < 4. O
0.95
0.5 X y) 5 ) 0.5 5 " 25

. _ o o T /= L N —
: VSny = 2.76 TeV ™ M, Phys. Rev, C 92, 034911 (2015). ¢ TEI%&F':\ 7& 3 /K JU E/\j
1 > Viscous > CMS data =~ Fluctuating hydro l—*—#—
-

Initial longitudinal fluctuations - Rapidity decorrelation o7 W == A
Hydrodynamic fluctuations + Initial longitudinal fluctuations ° /JIL'TZIS:J: ’O% G)Ei% |$

- Close to experimental data &%ﬁ,ﬂjiﬁﬁ L/T*]J
HTEERIITRE
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Key steps to find the matrix form of hydro longitudinal response PhyleS.pICtU re of hyd ro
miuwwowss  JONGitudinal response

1. Start with relation inspired by linear response:

V(O = [ deaic - 92l Va(0)

* £ space-time rapidity * : pseudorapidity

2. Expand the response function in long-wavelength, or small wave number &

- o I, P
Glk) =) (@h)"Gn, Kl <k* K" ~O(d" /d") : G(¢-€)
n=0 .

= This is hydro gradient expansion, with £* ~ 1//,,

Quark Matfen 19", Withan 5 |0 n g Itu d In al ex pa ns 'On Yan, Quark Matten 19', Wuhan

}777@0)75?\474&(_25(75%%0)[5 SELTHRIET 1T1CCOI0-
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MR TTR DY R RN 'i’JE TR CRE 7
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Z.Chen (student lecture)
Decorrelation — Transeverse

Local hot spots push particles
to higher p;
AND
result in different event planes
for different p; range

Factorization breaking

Vn& (p(%:p%) '—/é Uﬂ,(p%’) X vn(pg’)

Effects measurable by

Voa (7. P7)

~ {cos [n(W,(p}) — ‘IJn(PZJ)“))D

PRC 92 (2015) 034911

ra by
T'n (‘p? pr) =

,~1—=

DT (a=1h R K[EF1E)

Vor(p$,p2) = Zﬂaw(“)*(p%)w(“)(pr)

=) VO o b

1208 12 (ph)

2lu Py v (ph)

See also, R.S.Bhalerao et a/, PRL114,152301 (2015) 8




Proof of Concept

Principal Component Analysis

Proof of Concept: Toy model results I

Bhalerao et al. PCA for V5
2 N N —_ o~ N \\
== Clobal Fluctuations 0,90 o }ﬁ éj\ l i 1 ‘@ O) j:ll:\é b % ( w j’j_ L/ T D / \

—}-- ¥gp Fluctuations

—4— 77 Fluctuations 0.15 %

== Pr and Wgp Fluctuations Toy model \ g Z I\
=
—=p

RFHE. Fip;DFRLZDFE

e PCA observables are sensitive to anisotropic flow fluctuations.
e Also sensitive to fluctuations of the spectrum.

e The latter can obscure the former.

Maurfcio Hippert (UNICAMP) Quark Matter 2019 Wuhan
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Toy model for n=0 PCA/cont'd
+ 2<aNapr>]

F.Grassi e N :2,3 {i/)lb'leg(\: 7@%@{1{5\5
e n=0DERD(a=NNEERIED
BULZENFIBN TS

g r)N\p

276 TeV | 0-5%

WGy | pr

[]
CMS a=1

CMS a=2

20-30 %

200 GeV | 0-10 %
20-30%

| % BEIELTOK
pr (GeV) pTd)EI:\\/ bg\ ? %E }_I_t pTd)/ \éj\ & 7

e lhydio a=1

4 hydro a=2
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Summary J.F.Paquet P|D*§Z?F§l&\ zzi@pr, V(23,41

* Closure tests are » RHIC data complement * Non-negligible uncertainties from

powerful tools to validate LHC’s hydrodynamics to particle transition (“viscous
Bayesian analyses corrections”)

0.6 0.30 - =1 90% Confidence LHC
B 90% Confidence LHC+RHIC

0.4 |

e | : J\T X=4(90% confidence)

0.5

0.2

0.1

‘ n:.o 0.0 —\\ ~
0- 15 0-25 0-35 0‘0%.10 015 050 055 00 peee TD[lér:?V] oo e Tﬂ[ér:':\l] e ) I/{K ?_ Ié {L_ /E /oM \ /Z\ g
T [GeV] T [GeV] | | \

- — o HEAJU-ARU-IVY
And this is only the beginning:

N
more systems; more ohservables; more flexible model; revisit viscous corrections; ... PY ;}ili'f ¢ { j: 2 D

VL :E i
Jean-Francois Paquet (Duke), on behalf of the JETSCAPE Collaboration : ® \ l O) J
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J.-Y.Ollitrault

Effective temperature, effective volume Comparison with lattice QCD

We define the effective temperature, T, and the effective volume,
Verr, of the quark-gluon plasma, as those of a uniform fluid at rest
which would have the same energy E and entropy S as the fluid
at freeze-out.

E = Toudo'p, = E(Teﬂ")v:aﬂ"v
f.o.
S = / sutdo, = s(Teq) Ve,
f.o.
| will show that Te# and s(Ter) can be obtained from experiment.

—— EBEAN %Eirg
5&'%9& N7 :[:,l_j
T +AP7

MR  BWEE

Wi
é]:
B
%

H
\J
>~
-
rro
A
Kt

Tet=222 £ 9 MeV
S(Tei)/ Tei = 14 3.5

compatible with lattice.

Confirms large number of
degrees of freedom, implying
that color is liberated:
deconfinement observed!

z:l:/;j pT: 3 .O7Teﬁc

12



/NS D To be QGP or not to be?

That is THE question!

RHIC
p+Au d+A

LHC

*He+ p+p

2003~2010: J[R F RN ROIE1E A E

—> cold nuclear

matter (CNM) &h5E

2010: CMSICK 2[5 F+ 5 FERICETIVYIDHEE

2010~today: QGPA3

=R S SO R BERROBE

See also, SFHFEH X, R FHZE62, 41 (2018)

13



A+A physics
p+p physics
I
HEP (Generic purpose MC) |HIC (Dynamical modeling)
/IJ|\0) STy o A+ABIZRICH(TEHENRIRELD RIS
et + e EHZE(CHITHHEIEI > QGPRIENTFA L
> p+pEIEADER o A+ATETZEDEFEDp+pERECHITETA
o N FLLDZEEIFREFME ~
- ERERERICEILIEESHIIR * QGPIF/NSWEZR TIELNTA ?

R RO ENS N « QGPRAEENTZIFNEBENZN ? N

14



‘Do we really need a QGP ?*

See also, C.Bierlich et a/, PLB779, 58 (2018)

Angantyr’ Angantyr”

Gleipnir Gleipnir L.Lonnblad
Introducing GLEIPNIR (XTI MIK+IR) We have a ridge!

N<351<p, <2,20<Aj <48 < 2,20 <Ay <48
.5 1.5

The string endpoints (quarks and glu

momentum, but the string itself cann transverse separation

o between flux tubes
The shoving gives a transverse pushsxoos -

9N <110,1<p, <2, 20<An <48 0N, 1<p, <2,20<Ay <48
1.5 - 15

dtdz = Rz P\ ame

do.  gréL(t) p( 5i(t)).

This push must be parallel to both string pieces.
There is no frame where two random sting pieces are parallel.

But there is always a frame where they lie in parallell
planes at any given time.

[work in progress] [arXiv:1009.4122]
Angantyr 12 Leif Lonnblad Lund University Angantyr 15 Leif Lénnblad Lund University

PYTHIA + String Shoving = Ridge and flow < pph*b®ii5&

15



From AA to pp within hydro

Y. Kanakubo et a/, arXiv:1910.10556 [nucl-th]

Result: Strangeness enhancement from dynamical core-corona

- Reproduction of continuous enhancement

*Nuclear Physics A Elsevier Young Scientist Award

= *
8 Y.Kanakubo
2 Core dominant
e reflects ratio

I from QGP

&

5

<L

+ B R

5 = =

e~ ~

2 [x] ) <

5. = =

g8 Corona dominant
D o reflects ratio from
oy ALICE Pb+Pb 1 .

™) ALICE p+Pb ALICE Pb+Pb string

v & ALICE p+p —&— ALICE p+Pb .

£3 PL+Ph - m ALICE p+p —<— frag mentation

» 2 p+Pb Pb+Pb

2o p+p —— p+Pb

g e

g=

zT

Es

5 (dNeh/dmin1<o.s (dNch/dn)iy1<o.5

K

NCIAE VSV A2
h b —mI(C

EH9 17— 10F 48R
1k,
PYTHIA¥)EREZ TE (Z 3%
32775 )\—F—
AAD DL 5K
JIYMERIEAK
HR
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"One ftluid may not rule them all”

Combine v2{2} and v,{4} Q) All hydro give positive c2{4} Y Zhou

IEBE-VISHNU EHATLAS, v {2.TF]] Kg A(R) pp (s=13TeV iEF?IEI_Rﬂ;SHNU

wiParal  @OMS,V2Su] @ @ICMSv2Sub) EIATLAS o),  mbmel
Para-Il "EE g Para-l EICMS, o4 Para-ll

- -Para-lll Para-ll . mParall

THE g Para-lil Para-1lV

b ParalV o 7

Lot
AN |

15
P, (GeV/c)

ch

© v2{2}: flow + flow fluctuations 100 120 140 160 80 120 140 160 80
O vof4} : flow = flow fluctuations p 4

ch N

ch

% iEBE-VISHNU (HIJING-IC) works for v2{2} but not v,{4}

* This hydro calculation does not describe neither flow nor flow fluctuations in pp

% Hydrodynamic calculations using super-MC and TRENTo initial
conditions gives even larger positive c2{4}, and far away from data

g

g

Nov 6th, 2019 You Zhou (NBI) @ QM2019, Wuhan 12 Nov 6th, 2019 You Zhou (NBI) @ QM2019, Wuhan 15

© Positive c2{4} does not
v {4} = 2(v7) — (vp) = —c, {4}

necessarily suggest non-flow

© Negative c;{4} does not
necessarily imply

<v12l> = (Un>2 -|- O'vzn hydrodynamic flow

17



"Corrected” CGC results

d+Au \s,, = 200 GeV 0-5% ®*He+Au \s,,, = 200 GeV 0-5% c + a d+Au \s,,, = 200 GeV 0-5% b
\Sin VSun . S

s 00
"

PHENIX _ [ERCErstum ] PHENIX
v, Data

IRAR TIECGCORTv,, voEEHRIITEE BRICEH AR
*See also, MSTV, PRL123,039901(E) (2019)

18
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CCDoT T AT =K}
Clusters from “hitting a wall” W.Broniowski > _
e IR | s AUERESS wzc 0
- I AT —IRREEEN
h7?
» JERIRDtriangular flow
CRZAAN?
o ZEZEMRCIRRE CIIA
WDH ?

¢

— correlated

160y 4 197p VENN = 10 GeV

20 40 60 80 100 20
WwB Flow with light nuclei QM2019 17 / 19

B E C JIRT-BERE D4 7
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@ Hadronic
Phase
Compact Stars ,uB‘

J-PARC-HI white paper !
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Particle yield

A |
500 net baryon density .
AUAU 0-6%@19.6AGeV €B=0.0 —— g end AuAu 200 Gev AuAu 7.7 GeV
CB=0.4 ——— string junction —=—— AuAu 62.4 GeV STAR
- . S * STAR ——— AuAu 19.6 GeV BRAMHS
400 CB=0.8 VAN _ \ =0. ¥ BRAMHS i
CB=1.2 / \ =1.
PHOBOS ;‘l L A _/\ ; o 0-5% AuAu@200 GeV / 05% AuAu
Ne /
A
Ns

¢ Allowing the Initial baryon charges to fluctuate to string junctions
improves description at high collision energies

Interplay between baryon diffusion and initial fluctuations

The effects of baryon current diffusion on pseudo-rapidity distribution of charged Ghun Shen (WSU/RBRC) Quark Matter 2019 16/23

hadrons is negligible.

. AT IHY e AL
NSO

o IFRRIGFEAOMDEEEKXK

e CPIRZTRICEEE? 2

Xiang-Yu Wu, et al. Effects of Dissipative Baryon Current in Heavy-lon Collisions at RHIC-BES Energies
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Coupled charges in DNMR

» System with one conserved quantum number g only

7q VI + VI = ko V(g /T) + O(2)(0, 7", ...)
q q
G.S. Denicol, H. Niemi, E. Molndr, D.H. Rischke, Phys. Rev. D 85, 114047 (2012)

+ For system with multiple conserved quantum numbers:

ixed chemistry introduces coupling of charges through diffusion coefficient
matrix!

| - N (e Y
Vi ~ kpVH*(up/T) — (I_B) ~ e (V (ﬂB:T})

Vs, VH(us/T),

T Vi + V=) Kaa V(g /T) + O(2)
qF
M. Greif, J.A. Fotakis, G.S. Denicol, C. Greiner, Phys. Rev. Lett. 120, 242301 (2018)

5 Nov 2019 Longitudinal dynamics of multiple conserved charges - Quark Matter 2019, Wuhan, China - Jan Fotakis

. AVH-HARER

—H-
A4 1E x?‘Soret&‘jJ%
SHE ((p 2

J.Fotakis

Mo Diffusion

a

g Ut [1m’]

Mo Diffusion

e

mno
o
=)

Baryon
Ditfusion

e

e

no

Full Diffusion
Matrix

ng Ut [1Am°]  ng vz, [1/im’]

e

ng Ui [Um’]  ngvay [1m?] g vtg [1/im’]

5 Nov 2019 Longitudinal dynamics of multiple conserved charges - Quark Matter 2019, Wuhan, China - Jan Fotakis

CRE

i) NRZABH?

M.Greif et a/, PRL120, 242301 (2018)

T=1p=21
T=31fmn/c memu

HELICEBILEY) Y Dufour
FINT Vv ABEC KB EM

See also, A.Monnai and TH, NPA847, 283 (2010);

22



JOXA—=\—%R

Extrapolation RUCEURE  +  Imaginary muh* o DEENT ST
— [lsserstedt:2019pgx], DSE - j] /r 5} I/@%Z%——( O) E_G'ELLE

[ [Bazavov:2018mes],LQCD
[ Wuppertal-Budapest Preliminary

Alba:2014ebal,freeze-out from fluctuations 2 4
e Tc<u3>~1_K<uB ) _K<u3>
T:(0) \1.(0)  T\T.(0)

T.(0)~158 MeV, k,~0.015, k,~0

23
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Equation of state

m n.=0, ny=0.4n; (realistic in HIC; denoted as NEOS BQS)

(a) NEOS BQS g ?43 (b) NEOS BQS
g - 59 -
ng=30

0.05

» Finite negative |5 owing to the condition ng = 0.4ng

» Pressure similar in NEOS BS and BQS because i, = 0 implies nq ~ 0.5np

Akihiko M ai (KEK), Quark Matter 2019, 6" November 2019

BT+ LIFTIANRA
ALY ARME
TAAEY

Nl

>:<,UB — O—C\O)
Huovinen & Petreczky
EDEWN ?

¥

BIRZEETE
A IH -
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QCD&3D IsingDYYEY Y

Trajectories in n. s plane and mapping QCD to the Ising model Rethinking the QCD to Ising Map M. Pradeep, Stephanov 1905.13247

As(t) D.Teaney P Close to the chiral limit m, = 0, the CP is close to a tri-critical point.

Higing » This leads to the following expectations:

Critical Point Usual Modeling New theoretical expectation

i
» The EOS and correlation length £(%) vs. time are known, after
specifying the QCD to Ising map:

As ¢ AMsing ATqcp «— AHising » Changes (non-universal) estimates of bulk viscosity near CP:
Martinez, Schafer, Skokov 1906.11306

S~ (0.00042 < 0.8) (4n”—°) (
S N v s

v

An +— Aejsing — Apqep +— Aljsing

Most modeling has used this simple map, and not a linear combination
usual <> new

18/33

See also, Y.Akamatsu et a/, PRC100, 044901 (2019) See also, M.S.Pradeep and M.Stephanov, PRD100,
056003 (2019) 25




(N

Il

O At 1% transition point

n) n}
f(n) ——u - uq] + 46(7{ — g }4
+r( n—}—i[ri} n}

—

O Large and small n

52

O «: positive
O adjust k and A to reproduce the

~ = xqap (1 — 00) behavior of D at small and large n

x(n) = 52

~ Xhadron {” —+0
Poisson

= Ii//'l'\’f/ ~CE7E<,
Z DI DIRIHERIZ R a B

’Jti%—m

A2 L KB IAA

Free Energy

Correlation Function M-Kitazawa

Correlation Function

C(g) = <6n(g)5n(0)>/Xhadron

= 2fm
Peak 1= 5fm

structure t=10fm
1=20fm

.0
5040 -20 00 2.0 4.05.0
rapidity

- rapidity gab Ay

O Domain leads to a peak structure in C(y).
O The peak can survive even in the final state.

MEREREIICE-T Ay ~2
=D DRIEIFRICRES ?

26



Overall picture | have as of 19/11/7 T —

Chaotic branch?
Plasma instability?
Bottom-up?

Which fixed point prop€rty
are we observing? (Y

IR
(freezeout)

Hydrodynamic fluctuations




Backup



Factorization ratio and event plane
decorrelation

Aligned event plane angle
Factorization ratio

Via (—1%, 15 — r, =1

Vaa (5,15
na ° p) Event plane angle decorrelation

V.a = (cos(nAg)) ': A B rapidit
— ; \ idity

Tn(ng' 77113) =

1

<1

/

—25 < g < =2.0

F. G. Gardim, F. Grassi, M. Luzum, and 2.0 <ny; <25
J.-Y. Ollitrault, Phys. Rev. C87, 031901 (2013), 3.0 < np < 4.0 %




Correlations along collision axis

Heavy ion collision as a chromoelectric capacitor
- Approximately boost-invariant formation of color flux tubes
- Correlation embedded in wide rapidity region 30



PeraltaRamos, Calzetta (2011), Kapusta, Muller, Stephanov (2011),
Moore, Kovtun, Romatschke (2011), Hirano, Murase (2013),
Young(2014), Akamatsu, Mazeliauskas, Teaney (2017)...

Hydrodynamic fluctuations

QGP fluid simulation in a box

Courtesy of K.Murase

Fluctuation-Dissipation
relations

relativistic dissipative hydrodynamics relativistic fluctuating hydrodynamics

T7~00 [GeV/fm3] (t = 0.0 fm) T7~00 [GeV/fm3] (t = 0.0 fm)

Entropy

<0

= Dissipative hydro Fluctuating hydro
State (2nd Generation) (34 Generation)

Flgctuatlons around Dissipations €=> Fluctuations
Mmaximum entropy state 3



Introduction
Lessons from Observational Cosmology

Analysis tool Cosmological parameters

* Energy budget
CAMB, CMBFAST, * Hubble constant (lifetime)
CosmoMC,... « Curvature (flatness)

Cosmic Microwave Background
Fluctuations of temperature (Planck)

http://www.esa.int/spaceinimages/Images

/2013/04/Planck_CMB_black_background J ames Pee b | es

"Physical Cosmology”

The Novel prize in physics 2019

32
https://www.nobelprize.org/prizes/physics/2019/peebles/facts/



Analysis tool
Bottom-up approach
In_high-energy nuclear collisions

“Sky” mapped by power spectra

using ALICE open data

Physics properties of the QGP
* Equation of state

? e Shear viscosity
* Bulk viscosity

* Stopping power

Y.Zhou, talk at QM2018

Need Standard model/Analysis tool/Event generator
for high-energy nuclear collisions 33



Centrality dependence of event plane
decorrelation

Initial longitudinal fluctuations
—> Insufficient to reduce r,
Both initial and hydrodynamic
fluctuations needed

PbPb \/Syy = 2.76 TeV : :
viscous hydro —e— New opportunity to constrain

fluctuating hydro (A=2.0 fm) F—=—

CMS data b——i transport coefficients and initial
R | conditions in rapidity space

Centrality (%)

34



Y.Tachibana, TH, (2014, 2016); M.Okai et a/, (2017); Y.Kanakubo et a/, (2018).
PYTHIA: T. Sjostrand et a/, Comput. Phys. Commun. 191, 159 (2015).

M Od e‘ S I_I *Heavy ion mode available from ver.8.230
OFT~IT1ARD
hadronic
— observables
)
jet g jet ~ '
. string
ST Iy > fragmentation

/

ideal =a\Parton energy
hydrodynamics loss
collision axis |
. A VNGEEVAY)

Soft sector ‘ ‘Hard sectQr




Cutoft parameter dependence

15 10 -5 0 5 10 15
X (fm)

0 fm 1.0 fm 2.0 fm
(Mesh size)

K. Murase, Ph. D thesis, The Univ. of Tokyo (2015)



