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. High energy heavy ion
collisions and QGP

MADAI collaboration




Time

Today ; 14 hillion years
Life on earth @/ ~ -

Acceleration — 11 billion years
Dark energy dominate T R

Star formation peak \g = ~ 3hilfion years — s History of our Universe

Recombination Atoms form
Relic radiation decouples (CMB)

Matter domination 5,000 \'years
Onset of gravitational collapse : 9 A . \
oy ~ < QCD phase transition )
. -6
Nucleosynthesis Rm— 3 minutes — \\Quirifiuon Plasma (aﬂerifi)/
Light elements created — D, He, Li QG , =
Nuclear fusion begins —— (ll)‘,l sel:nnds - Our research field

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




G, 8 i . final detected
Relativistic Heavy-Ton Collisions particle distributions

made by Chun Shen Kinetic

freeze-out
‘ Initial energy

density

Hadronization

2
collision

overlap zone
pre-
equilibrium : . n
ynamics viscous hydrodynamics free streaming
collision evolution =
t~0fm/c T~1fm/c T ~ 10 fm/c T ~ 101 fm/c

Courtesy of Paul Sorensen and Chun Shen 8




Space-time evolution of Heavy lon Collisions

Freeze-Out At /Tfo Teh

€ ~ 10 fm/c

free streaming

Hadron Gas

\_.__...—-—"

T~ 10 fm/c

central region
viscous hydrodynamics
collision evolution

1,< 1 fm/c

t~0fm/c tT~1fm/c

Relativistic Heavy-Ion Collisions

Parton scattering
(parton) thermal equilibrium and QGP

Chemical freeze-out (ceases inelastic
scattering, particle ratios fixed)

Kinetic freeze-out (ceases elastic
scatting, particle momentum fixed)
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RHIC run history

energy

Collision System

GeV |U+U Au+Au Cu+Au Cu+Cu 3He+Au d+Au p+Au p+Al p+p

500
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2015
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N LHC (Large Hadron Collider)
Ve 2009-, Vsnn = 2.76, 5.02 TeV

*T i Detectors Tile Calorimater Liquid Argen Calorimeter
1 |

LHC: Circumference : 27 km




Pb-Pb 5.02 TeV (One PeV collisions , Nov. 2015)

Run:244318

Timastamp:2015-11-25 11:225:36{UTC)
Gystem: Pb-Pb

Energy: 5.02 Te¥

PP e = ey
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T. Chujo (U. Tsukuba)

2010: First p-p run (7 TeV) and first Pb-Pb run v 180 LHC;E;:ILFL%N B3 2 Tevibeam)
(2.76 TGV) ] T; 160H o cms 149..7 ;:b-l
1 CL; 140 ||-o— AUICE 1436 b~
201 I: Long p-p (7 TeV) and one month Pb-Pb | ol
(2.76 TeV) = x10 luminosity than that in 2010. A& |
first p-p (2.76 TeV). ¥
2012: Long p-p (8 TeV), one day p-Pb (5.02 TeV) % oor
pilot run | g 4of
I o
2013: 1.5 month p-Pb (5.02 TeV), (32 nb"! in | 6 V-l . .
ALICE) ‘; o Weekinz01l
| {generated 08 including fill 2351
2013.02 - 2014 winter: LHC Long Shutdown | 1{
(LST) 1
2015: pp (13 TeV), pp (5.02 TeV, few days), Pb- kl
Pb (5.02 TeV, | month) 11

RHIC & AGS 2013 annual users‘ meeting, BNL ( Jun. 27, 2013) I 6



2. What we have learned
from RHIC and LHC HI
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Energy loss of charged particle in a matter Collisional
v Bethe-Bloch
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@ Transport coefficient:

§=mp/\=mppo =

* Scattering power of the medium through the average
transverse momentum squared (kt?) , transferred to the
traversing particle per unit path length.

* Combined both thermodynamical (mp, p) and dynamical
(O) properties of medium.



High p. suppression = QCD medium properties

m Medium properties via data vs. jet quenching models:

- PHENIX n” {AusAu 0-5% Central)

:ﬂ.ﬁ E Y
C os E_ﬁlnlul&ymt:‘z Lincertainty = 12% E | _.I
Initial gluon densities (GLV): o4} & 7
3 E l 1
0.3¢ % 3
dN9/dy = 1400+27° fa X 7
150 e . n;ﬂ/
L= E .-....-.-.._.I.'........_-...-.-....
[Vitev & Gyulassy] » = L N m——
b"z""a s 8 10 12 14 16 18 20
P {GeV )
ﬁ 0.8 BhRENix n“[AuMuniM;;_.__ . 3 J
- Glabal Sy stemaths Une st T L] i
o C o5 e SL—— & \ ]
Transport coefficients oat- B f:;ﬂ,,#_-_%:____:: i — h].
1 ;"':;::T [ Ea = v
|,,; >~ 13.2%2! Gevﬂffml 03 1 Lo o
qﬂ — 0.2 o :_:._.-_-E_-:'“_-_- = E ' =17 J|
- e e s E |/
: :_-:-___-__' * .__-__ : E E'"'j""ﬁ,—'":"”"ﬂ""ﬁ'"
[BDMPS/PQM] 015 e PR - FOM Model | §) (GeV*m)
22 "s s 10 12 14 16 18 20

m Other models:

Temperatures [AMY]: T ~ 0.4 GeV [G. Moore], Opacities: <n>=L/L = 3

S (Gere] PHENIX, aniv:0801, 1655

4[Levai et al.]

Energy losses: dE/dx~ 0.25 GeV/fm (expanding), dE/dxl_, ~ 14 GeV/fm (static) [X.N.Wang]

QGPWS, Jaipur, 1® - 3® Fab 2008
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from D. d’Enterria (slide at QGPWS, 2008)



Jets in LHC heavy ion

Jet 1, pt: 70.0 ¢

04 E, [GeV]

] Calorimeter
3] Towers

20

collisions

s P_[GeV]

50

Jet
(98 GeV)

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET




Di-jet energy imbalance
(2011) |

Nnepr->»

CMS, PRC 84, 024906

03 j—'clmls' | : : S 7
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025F f“ﬂﬂﬁﬂﬂﬁ' T p,,> 120 GeVic 1.
-ﬁ 09 O ppVE=276TeV T p,,>30 GeVic ]
& o _oatme® f Ay, ,>&n ]
'I[”ﬁi [z R o ; |) Large energy imbalance is
=t O === PYTHIA+HYDJET o0 ] )
S o1E E E observed in central Pb-Pb.
TR ] :
0.055\ 70-100% ;
Mf_='= | | ret A ll ' ; _
A A = Pr, — Pr
=
ATLAS, PRL, 105 (2010) 252303 pT,l + pT,z
{ﬁ T T T T | T T I T
D 4 Centrality 60-80%
< ] .
T 35 * CJHIUING+PYTHIA- pr.i: leading jet
z ® Pb+PbData .
o 3 ] .
z - o p+p Data pT2: sub-leading jet
2 -

2) Large A, : low momentum

particle (< 4 GeV/c) emitted
at large angle on away side.

)15, CCNU, Wuhan, China, T. Chujo 24



Energy balance by low pt particle at large angle

B Net-pr along the sub-leading jet CMS (2011)
Zéll — Z —]) COS( QSLeadmg Jet)

i

- _."AR =/ Ad? + An?
o =0.8

Positive direction (——Q—- g _

Leading Jet

Christof Roland (talk at QM201 1), modified
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B o >°.SG.vk 0-30% --(‘ Ak i

[ [ os-1.0Gevic T cmso-30% a5
a0 I 10-20Gevkc T o AR08 T AR08 ]

| [ 20-4.0GeVic ; | Pb+Pb \2,=2.76 TeV 3

| [ 4.0-8.0Gevic . 1 fldt=&7ub" 4 =
_2of —/ >I.?GQVI¢:. : t 71 T 5
s | it — — - o
. eS|
A -
== - -4
.Z)-— -
wf  Overall In-Cone Out-of-Cone .
SIS R ] G T i WS S o T 1 0 T L i Yl PR POt o 0l VW o SR A S i S e Tt T G A T ol 0 S i A o W
0.1 02 03 04 01 0.2 03 04 0.1 02 03 04
J A, A,

S. Chatrchyan st al. [CMS Collaboration], Phys. Rev. C 84, 0240806, modified

Slide from Y. Tachibana (ATHIC 2014)

Mini-workshop on jet physics in ALICE at the LHC Run2, April 15, 2015, CCNU, Wuhan, China, T. Chujo 25



(2) Strongly interacting QGP,
perfect fluid

SATIONAL TARORATORY

Contact: Karen McNulty Walsh, (631) 344-8350 or Mona S. Rowe, (631) 344-5056
RHIC Scientists Serve Up “Perfect” Liquid

New state of matter more remarkable than predicted -- raising many new questions
April 18, 2005

TAMPA, FL -- The four detector groups conducting research at the Relativistic Heavy Ion Collider (RHIC) -- a
giant atom ~smasher” located at the U.S. Department of Energy’s Brookhaven National Laboratory -- say they ve
created a new state of hot, dense matter out of the quarks and gluons that are the basic particles of atomic nuclei,
but it 1s a state quite different and even more remarkable than had been predicted. In peer-reviewed papers
summarizing the first three years of RHIC findings, the scientists say that instead of behaving like a gas of free
quarks and gluons, as was expected, the matter created in RHIC s heavy ion collisions appears to be more like a

liquud.
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Fluid Imperfection

SROFABRSE

i Ultra-Cold Quark-Gluon
Plasma

Higher
Harmonics

Atoms Helium Water
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String Theory Limit | | i
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Temperature (K) S Z
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Strong coupling and shear o
VlSCOSl'Ey slide from Y. Miake

internal resistance to flow

(From view point of Kinetic theory,

Low n N cete s
BRI ST
. n ~ %nﬁ)\
High n PP
(A—0)

(n/s) ~pA N\ O

(uncertainty principle)

y dimension | | | |
boundary plate \ dimension less in natural unit y
> =
shear stress, t ( F ) au
ke gradient, !_-'I_f,f S 0y

Vv Strong coupling

31
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SREHME (higher harmonics) TahH %
QGP¥ItE

Fluctuations of Little bang

T

Fluctuations of the Universe

—— ALICE. Seb.

. 0.35 49
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’ P | 5-2GeV/c 0.30 4 - 0-2%
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Fig. 1. Left: correlation function for charged hadron pairs from head-on Pb=Pb collisions. Right:
corresponding spectrum of Fourier harmonic amplitudes vs n.
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Bjorn Schenke (BNL) RHIC AGS Users’ Meeting 2013, BNL
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(3) Thermalization



Space-time evolution of Heavy lon Collisions

Parton scattering

(parton) thermal equilibrium
1,< 1 fmlc and QGP formation
Chemical freeze-out (ceases
Inelastic scattering, particle
ratios fixed)

Kinetic freeze-out (ceases

elastic scatting, particle
momentum fixed)



Thermal vields

The formula for the number density of all species:

O—

2
8i p_dp
n, 2ﬁ2fe(E‘MBBi—MsSi‘“3I3 )T + |

g is the degeneracy
E2=p2+m2
Ug» Ue U5 are baryon, strangeness, and isospin

chemical potentials respectively.

Given the temperature and all m, one can determines the equilibrium number
densities of all various species.

The ratios of produced particle yields between various species can be fitted to
determine T, .



Hadronization Temperature

RHIC LHC
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A. Andronic, P. Braun-Munzinger, J. Stachel, J. Stachel, A. Andronic, P. Braun-Munzinger, K.
H. Stocker, Phys. Lett. B 697 (2011) 203 Redlich, J. Phys. Conf. Ser. 509 (2014) 012019

Hadronization Temperature ~ 160 MeV




(4) Quark recombination &
regeneration



Baryon Anomaly (p/ 7 ratio)

Ratio

1.8 |
1.62
1.4;
12|

Phenix; P.R.L. 91(2003)172301

anti-protonipion

om  Authu0-10%
& & AutAu 20-30%
o o AutAu 60-92%

¥ ptp, \.I_= 53 GeV, ISR
--- e'¢, gluon jets, DELPHI
...... e'e, quark jets, DELPHI

v In peripheral, p/n ratio at high pt

similar to those in ee/pp
suggesting fragmentaton process

v In central col., p/x ratio is very
large, while.

Fragmentation process should
show n, < n_as seen in ee/pp.

V' Suggesting other production
mechanism.

2

Quark Recombination Model
(Quark Coalescence Model)

39



Quark Coalescence explains
Baryon Anomaly

v Quarks, anti-quarks combine to form
mesons and baryons from universal quark
distribution, w(pt).

Hadron
© . Am distr. of meson (2q);
(» C W ( ) —C. (p
e "W
C
< © Mom. distr. of baryon 3q3 P
C LWB(pt)zCB.W(%)
©¢
o f’—-‘\ 0
e 2 ' T
¢ ,9’ ‘“o w(pt); i
© Cgo Universal mom. i
'@ distr. of quarks £ o)
é‘c-—-o .; < [steep in pt] )
QGP o 3535(5/:'75/

Because of the steep distr. of w(pt), RECO Characteristic scaling features expected.
wins at high pt even w. small Cx. =>»Quark Number Scaling (QNS)
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Quark Coalescence alseo
explains v2 behavior

Vv Universal azimuthal distribution of

Hadron quarks
OO Q'L fAzimutaI distr. of meson (2q); RN
- AP = (1+2v,,c0s2¢)"
o ©
< © ~(1+4v, cos2¢)
00 ©
© P "9\ oo Azimuthal distr. of baryon (3q);\
o dN, 3
G 25 B ocw’=(1+2v,, cos2¢)
. C do q
© Ceo
':9_, ¢ © ~(1+6v, cos2¢) L
= © ©
QGP Azimuthal distr of quark: w

wo(l+2v, cos2p)

=» Quark Number Scaling in v2 ! »



v2: quark number scaling

- 200 GeV :closed
03 62.4 GeV :opened +
- Au+Au :large
0.25F Cu+Cu :small A
- A
0.2 | 1
015 *
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05 1 15 2 25 3 35
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‘/ Quark number (ng) scaling
— Indication that anisotropy
developed at parton level, not
hadronic level.
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12F
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T. Chujo (U. Tsukuba)

0.6

0.4}

0_|||

J/D (color screening vs. regeneration)

mid-rapidity Raa for |/

ALICE, Pb-Pb ys,,, = 2.76 TeV
lyI<0.9, p >0 GeVic, L~ 15 b’

PHENIX (PRL 98 (2007) 232301), Au-Auys,, = 0.2 TeV

' FH.ICE O 1yl<0.35, p>0 GeVic global sys.=+ 12%

ELLMINARY

II|I
0 200 400 600 800 1000 1200 1400

dN,,/dn| o

RHIC & AGS 2013 annual users‘ meeting, BNL ( Jun. 27, 2013)

® |/ measured at
mid-rapidity |y|<
0.9, by e'e" at
LHC.

® Compared to
RHIC mid-
rapidity data.

® Significant

larger Raa than
those at RHIC.
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s J/D (color screening vs. regeneration)

ALICE
- ® |/ measured at
forward-rapidity Raa for J/W {:oqlfward-rapi dity

§ 1.4 i ALICE Preliminary, Pb-Pb fsﬁ;*z 276TeV,L =70 .Hb"{ - 2-5 < )’ < 4’ by I"l+ I"l-
[]: i m Inclusive Jiy, 2.5<y<4, O<p <8 GeV/c global sys.=+ 14%
100 PHENIX (PRC 84 (2011) 054912), Au-Au Sy = 0.2 TeV at LHC.

ALICE [0 Inclusive Jiy, 1.2<y<2.2, p. >0 GeVic  global sys.=+ 9.2%
~ PRELIMINARY

® Compared to

RHIC forward
data.

® Significant larger
Raa than those at

RHIC.
[0 e e g boe o g | g ] T T L1
0 200 400 600 800 1000 1200 1400 ® Suppression is
dN/d|, -0 stronger than that

at mid-rap.
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i,

ALICE

Low pr: Raa at forward y, J/Y— p+p-

<14
e | ﬁ.;/; Inclusive JAp, 2.5<y<4
C 5/  Pb-Pb Vs\=2.76 TeV, L= 70 ub™ X. Zhao et al, NPA 859(2011) 114
1.27 ALICE global sys.= +6% === primordial

PRELIMINARY

— regeneration

" 4 0<p_<2 GeVic
06~ Z 1 T a
i ¢ i i i
04 .
02f
0 L 1 1 1 | 1 1 1 1 1 L 1 | [ 1 1 ! 1 L 1 1 | 1 1 1 1 | 1 1 L 1 | L 1 1 |
0O 50 100 150 200 250 300 350 400
( part
®
L o u-": ehun
wh @ ,‘-;: o
ur i i ; s i
a RIS

08 i , . , . \ .
0 0204 0608 1 12174 18618 2 22
r [im]

T. Chujo (U. Tsukuba)

J/W (color screening vs. regeneration)

High pt: Raa at forward y, J/Y— p+y-

<1.4
= Inclusive JAp, 2.5<y<4
r Pb-Pb {5,,=2.76 TeV, L= 70 ub™ x.znao et al, NPA 859(2011) 114
1.2 _.:,FELE}EERV global sys.= +6% » == primordial
- —— regeneration
1= e
08 %
06F ? s, -
S t 7
Gat e, P 3
o2F
| B (T RRTE S A RIS ===
0 50 100 150 200 250 300 35(() 400
part

RHIC & AGS 2013 annual users‘ meeting, BNL ( Jun. 27, 2013)

J/P Raa is enhanced at low pr.

® Compatible with models including
regeneration.
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(4) High temperature matter



Thermal photons

PHENIX: Phys. Rev. C 91 064904 (2015)

arxiv:1509.07324
— ET T 1 T | T T ‘ | ) | T T T ‘ I 0 I | 1T ‘ 101 L ! d ! ! ! ! ! -
& F Pb-Pb s, =276 TeV - 4 pp data '
= 10%  [e] 0-20% ALICE —PDF: CTEQ6MS, FF: GRV = 10° L 8 o PRL 104, 132301
) 5 +120-40% ALICE - - (n)PDF: CTEQ6.1M/EPS09, 3 3 o PRL 98, 012002
43 1% +140-80% ALICE ~ FF:BFG2 = [ v PRD 86, 072008 |
el PO JETPHOX . 107" | ‘ — pp fit -
& [O_10E - |PDF: CT10, FF: BFG2 5 N § ]
Q F nPDF: EPS09, FF: BFG2 7 SF\E
'?; 1= (a" scaled by Ncoll) = e 10 2 ~ ! AU+AU data. e
-2 - 1. FA \g a PRL 104, 132301
= i g S insf AV » PRL 109, 152302
~ 10 %— ?; ; 1077 * ® Present data
10“2? - 8 -l ¥ —Ncon-scaled pp fit :
102 - |5 E R VRN = 200GeV
g E ~ i
B 3 sl 1077 F
107 = ks i
E 3 =~
E E —_ & —6 [
e = 1077 F
10*5,%— —51; 107 L
10*7;5 7 é 10-8 "
wﬂ*i ﬂ|I'ICI|E | | | | \E E :
0: L1 1 L1 1 L1 1 6 11 11 L1 | 12 L1 1 14 _9 | ! N __
P (GeVic) 10 A PlH é ENIX ] | I ? {"""f.‘_:
0 2 4 6 8 10 12 14

Excess from pQCD component is visible pr [GeV/c]

—PHENIX: Tslope~ 240+~20MeV independent of centrality
—ALICE: Tslope~ 304+11stat+40systMeV(0-20%)

—PHENIX: dN/dy «Npart* (= 1.38 £0.03stat£0.07syst)

-Similar to dielectron excess (x=1.44+0.1, STAR)
«~30% higher than RHIC



Direct photon puzzle

‘g 10:_ (a) Invariant yield - (b) v, )
£ “HE PRL114, 072301 0.2 @
- [ and priv. comm. -
"‘-or-g' 1 - QGP w/o viscous 0.15F “
w e —— QGP w/ viscous i
. I8 - i-QGP [
[ Large yleld and 10'1._— Sem:cvfo viscous 0-1 i
vn challenge (All three include HG) i
understanding of 102k 0.05 |
sources, : oboo .. . .
emission rates 103k -
) : ® () v, PHENIX
and space-time - 0.2
. 4| - @Calorimeter
evolution 10 E Au+Au 20-40% * L ®@Conversion
F \/5,,,=200GeV 013
: 10°F :
* Lat_e t'_me " Yield is from PRC 91, 064904 0.1F
emission (HG)? § 4 - ;
= i i
g3 Pt s e
S 1¢f " i
% 1 2 3 4 0

PHENIX: Phys. Rev. C 91 064904 (2015)



" Dissociation temperature

c;'~800 LINL L L L I L L L L LB
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% 200 Prellmlnary ﬂ CMS PbPb VSNN= 276 TeV _ Cﬂ1_4_— CMS Preliminary, PbPb ﬁ:z?(; TeV

O e data Cent. 0-100%, lyl <2.4 i o Y(1S),0<p:(ls)<50 GeV/c CMS, PRL 109

1.2~ o Y(28),0<p® <50 Gevic

—— PbPb fit L, =150ub”
m Prompt Jiy, 65 < p:/"’ <30 GeVic

...... pp shape |: p: >4 GeVlc

(2012) 222301
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1_

lyl <24

0.8

Events / ( 0.1
o)
o
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—8—
-
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2 0.6
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# 0.4_— + +—_ Y( i S) 2 |- |Y(1S)
200F — b + + : : %(1P)
. 0.2\~ -
o N +: v 12wl 7/4(15) Y'(25)
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A. Mocsy
Eur.Phys.).C61,200¢

m... (GeV/c?)

Melting excited Y states

* Suppression of ground state Y(1s), and excited states Y(2S) and Y(3S).
* Consistent with the sequential melting scenario, Y(3S) >Y (2S) > Y (1S5).
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(5) Collective behavior in
small system (high
multiplicity event)



Nnepr=>»

p-p (N =110)

CMS N =110, 1.0GeV/c<p <3.0GeV/c

p-Pb (N 2110)

CMS pPb \[s,, = 5.02 TeV, N > 110

T<p <3 GeVic

=
1:1 § % -I 8
=y | =z
= %g 1.7
= =

ATLAS  p+Pb \s,,=5.02 TeV

.[L"'1 b' 0.5<p™"<4 GeV E'Prb>
T S 2

p-Pb (ZE1Pb) < 20 GeV

T. Chujo (U. Tsukuba)

p-Pb (ZE1 ) > 80 GeV

RHIC & AGS 2013 annual users‘ meeting, BNL ( Jun. 27, 2013)

y Di-Hadron Correlations in p-p & p-Pb

¢ First observation of
ridge structure in high
multiplicity p-p (CMS).

* Also confirmed in p-Pb
high multiplicity events.

* Alway side ridge
structure is observed in
high multiplicity p-Pb.

CMS, JHEP 1009 (2010) 91
CMS, PLB 718 (2012) 795
ATLAS, PRL 110, 182302 (2013)
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y [fm]

y [fm]

o N B

o N A

small system @ RHIC

Phys. Rev. Lett. 113, 112301 (2014), figure courtesy of B. Schenke

I

I

| 3He|-Au

a®

|

|

2 0 2 4
X [fm]

-4

2 0 2 4
X [fm]

-4

2 0 2 4

X [fm]

Initial State Hot Spots
Glauber with nucleons

Hydrodynamics

Collectivity in
Final State

Sensitivity to initial conditions
and early time evolution




Flow in Small Systems at Vsnn= 200 GeV

Top 5% in centrality

V2 (CHeAu) =V; (dAu)>V- (pAu)

0.22
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!lIIII!|lII|IIIIIII|III|IIIIIIIlIII|III|III|III

*He+Au 200GeV 0-5%, arXiv:1507.06273
" d+Au 200GeV 0-5%, PRL. 114, 192301
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PHENIX 3HeAu: Phys. Rev. Lett. 115, 142301 (2015)
PHENIX dAu: Phys. Rev. Lett. 114, 0192301 (2015)

.3
- ® v, 0-5% “He+Au 200 GeV
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Collective motion: Large anisotropy vz in p+Au, d+Au & vz, v3 in SHe+Au



A/mtvs. dNcvw/dn

%1072 ALICE
R i I | L I | | L | I I | L RO R o | | =
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C PP E‘E ! IJ HH i
20% ALICE s
[+ ] Preliminary p-Pb S=2.02 TeV
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- N/mtratio reaches Grand Canonical limit in Pb-Pb
 Similar multiplicity dependence in pp and p-Pb
* Neither PYTHIAG6 nor 8 reproduce data in any of the tunes tested
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® Same for =/1T and Q/TT



(6) Search for restoration of
chiral symmetry breaking



Spontaneous Chiral
Symmetry Braking

4 I<QQ>P,TI Spontaneous Chiral Symmetry Breaking:
Characterized by Order Parameter <qq>

< qq >~ 250MeV/?
\ _N |
< Nodous -

High T
\,.:#i__ e\ < qq > O ngh
< FAIR/J-PARC

? B \ p

Density




Excess on di-electron

PHENIX data

%
qJ1OIIIIIIIIIIIII||i|||||||
8 Au+Au |s, =200 GeV ® 0-10% x 10°
© m 10-20% x30
—— pe>0.2 GeV/c, |y®|<0.35 A
& 10 " @,50.1rad & SUREES d
O v 40-60% x 1/30
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<10 .
Z —
L 3 ]
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=107}
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PHENIX: arXiv01509.04667 (2015)

dN/dm,, (GeV/c®)'in PHENIX Acceptance

A N 0 e QGP (Rapp)

mass spectrum

[ T T T T I T T T T I

Au+Au \'s= 200 GeV Min. Bias

—— Sum
PHEMIX - cocktail excluding p
------------ p broadening (Rapp)

S

| T

Sl

* =
1 L

Moderate enhancement

for 300 < m <750 MeV factor
MB:2.3+04+04%+0.2
central: 3.2+1.0+x 0.7+ 0.2

Consistent with STAR data.
Consistent with p broadening



(7) QCD

phase structure

: ' Quark-Gluon Plasma
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Search for the Onset of QGP Formation: Charged Hadrons Rcp

. - TTEHP T e e e e ey i ert
STAR Preliminary o 7.7GeV 3.'0“',7('3_5 oy 1
statistical errors only = 11.5GeV 1Ole B =77 Gev
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OP L
o — 39GeV =
© 62.4GeV 5
B w
2| :
- s
S T /oo oo 3
S 5
o [ ol
NDEI‘IE ++ 58
L1 1 | | L1 1 | | L1 1 | | L1 1 1 | L1 1 1 | L 111 | L 111 | 1 1 1 | | 1 1 1 1 | L1 1 1 1

0 1 2 3 4 9] 6 7 8 9 10

pT(GeWc)
- Smooth transition from a strong suppression at high energies TR
to enhancement at lower beam energies. O'”g&';'m')' PRy L'DD
« Cronin effects play a bigger role at lower energies. e
- Yields per binary collision show indicates a balance of » ' 0 le

enhancement and suppression effects at Vssw= 14.5 GeV.



Kenji Morita (YITP, Kyoto)

Characterizing Fluctuations

10° g v . . . Cumulants
I Uncorrected Data 19.6GeV,0-5% @
i _— M = (N) (=7.61)
Skell ——
- T = (NP (=9.16)
So® = ((6N)’) (=7.23)
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z (=7.36)
Q.
" )
10 } , ko? =1  skellam
/l = 0.8 (Data)
10°F
' \ =0 s &,
Il 10-6 M S \
] 1819202122 2324 \ . a
1010 L— . Ratios characterize
o 0 =0 e " the shape of P(N)
N=Np-Nppar

8 L e RelmaWorkshopatJ-PARC ......................................................... 5




Search for the Critical Point:
Higher Moments Fluctuations (Net-Protons)

+ Higher moments of conserved 4F é?;’c'f’:;cy o 7
quantum numbers (Q, S, B) are ¢ D ;
- 3k .
expected to be sensitive to the o " .
proximity to a critical point © oL % a
¥ [ ]
- Higher order moments — higher 1:_'@"'%@'"@"5"'@""% --------------- G
sensitivity to criticality : ) - R :
OF % ﬁ E§t<ljar:’;[8\2v/’gu< ZAE)J V| < 0.5 7]
7 10 20 30 40 100 200

Vs (GeV)

Non-monotonic change of ko2 for in central Au+Au collisions



Summary of observations

® Jet quenching

® Strongly coupled QGP

® Thermalization

® Quark recombination (regeneration)

® High temperature matter

® Collectivity in small system

® Search for Chiral symmetry restoration

® QCD phase structure




3. What is missing!?
Next 20 years plan



String Theory Bound (KSS)
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vy bk« 74&BMTESQGPYTE (LHC-Run-2)
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New Puzzle in p+p and p+A

p+A collisions

CMS Preliminary
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Need to be solved !

T. Chujo (U. Tsukuba)
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Rcp = (yields in central x Ncoicent))/(Yields in peripheral X Ncoliperi))
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RHIC-PHENIXZE§& High-pr 1t

A Large-Acceptance Jet and Y Detector for RHIC

N

High-pt 1k “CPHTENIX
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o AITEax DFTRAEK ¥
PHENIX = sPHENIX @ Science case endorsed through Department of Energy review
® First constitutional collaboration meeting December 10-12, 2015 at
° E 2':7'3?@%& 75': EE :;%Ié; '@' %) 4‘% Il:l:ll %% . Rutgers University, New Jersey, USA
J \\/ | J :l \/ }_I-\'C,EIJJ-\@H:II %% q\\\\ Stony Brook University
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STAR BES-II
STAR Upgrades and BES Phase-Il (2019-2020)

Event Plane Detector 1o} _TPC > PG J

endcap TOF 3 ]
inner TPC

[ Net-Proton, 0-5% ]

10 AusAu collisions San =7.7 GeV F -
[ STAR Preliminary £

8 =

2\'_—J“!-‘i\‘!\i_ =

g < N 6F
“‘§ . , y = 4 v : —*— 0.4 < [X (GeV/c)<2.0
AR : s [ B8] Estimated Error BES I

K 02

e, N gy, 5SS ¥ - -
'\“\ﬂ\-““'! b == 4 L ----- Poisson Expectation ]
2r -
0 [ 1
0 05 1 1.5

St \f it §

iTPC proposal: http://drupal.star.bnl.gov/STAR/starnotes/public/sn0619
BES-II whitepaper: http://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

Larger rapidity acceptance crucial for further critical point search with net-protons

- Electron cooling upgrade will provide increased luminosity ~ 3-10 times.

 Inner TPC(iTPC) upgrade : Inl <1 to I n I< 1.5. Better dE/dx resolution.

« Forward Event Plane Detector (EPD): Centrality and Event Plane Determination.
1.8<Inl<4.5



LHC schedule

PHASE | Upgrade

ALICE, LHCb major upgrade
ATLAS, CMS ,minor upgrade

ALICE

Heavy lon Luminosity

from 10?7 to 7 x10%

2015

2016

2017

Qi

Q2

Q3

Q4

Qi

Q4

Qi

Q2

LHC
Injectors
® PHASE 1
2022 2023 2024 2025 2026 2027 2028
Qi|Q2|Q3|Q4|Q1|Q2|Q3|Q4|Q1)|Q2{Q3|Q4|Q1|Q2|Q3 Qi|Qz2|a3 Q1 O2103\0Q4|Q1]Q2|Q3
LHC
Injectors
LHC
Injectors

PHASE Il Upgrade
ATLAS, CMS major upgrade

HL-LHC, pp luminosity
from 103%(peak) to 5 x1034(levelled)
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LHC-ALICEZER& =& 1t

ALICE EERAIERDEHEIL RN e
HAZIL—7HHBYS T IR = e - A
GEM-TPC:EiftFt =Rt

AR X—% E#E(E
7'y REFEH (Tier2) D3k

LHCOEHERE{t. Pb-Pbf&EZE(50kHz)C ity
PEEERZLHRKL. CNFETDI100Z50T—5 S
(ATLAS, CMS %%ﬁ’(“tiziﬁ_fﬁ'é ALICEEER=Eb: ¥8EE€40M

B i ) LHCCIZ & % endorsement (20124E91)
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dN/dM__dy (GeV™)

Expected performance (low-mass
di-electron pair), w/ hadronic BG

After
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Expected performance (low-mass
di-electron pair), w/o hadronic BG

Before
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AR, CGC. ERVHARAGFDIRE

BXFDINELL _3 (p+Pb)/ (p+p)

e ma
T Sl i
M CGCRUL i
B (BHRORTEHR), e
06 :— + JETPHOX with EPS09 at NLO,R__ =0.4
CGC 5 D : CGC (A. Rezaeian)
—_— 0.4~
A. Rezaeian, PLB 718, 1058 ‘
0.2
R e e e L g
2 3 4 5 6 7 8 9 10
pT(GeWc}

.n=3-5 ZHN\—F DRARLTREE GUEK)
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J-PARCICH T D EA A EEDIERST

 J-PARC:
- B/ VT —RFREREERE
- BNVAVEBEICEBITH2QCDIHEEE
fZ8H. QCDERFRRDIRE

— BAAVERTIL . 510 p, BEETE

R A] BE
[25A GeV Au] +Au
30 —irEn) o 0 JAM
250 L JHF(Ave.) —— \ (Hadronic cascade model)
0 Cq-}j ¢ O 0 Y. Nara et al, PRC81 (2000)
- 200 ; Sgol .
o ; Ps > 6 pg
S 150 QT i for about 3 fm/c
" 100 -
50 |
0
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J-PARC E1 AV EZEDYIE@10-15GeV/A
(\ISNN =4.5-5.4 GeV )

O RAAVUNS UEBEA AV X TINE G+ i ECR, laser, EBIS)
oAGS CTIFHIELGD - T (LRG> Tc) YMIBEZH#O THE
s N
- YESsO5ZE (KFH. EBZE. vi F)

= QCD fRSt=HE. QCDIHRID mapping
— LZMYSHEF, muon). FEF. o XV (?)

= A ZILWIRERIEDMHT. BAXFAE
- IX¥YV Ty V/\ROAV/EF. Fv—LDYE

« multiple-strangeness (A kL >3 L v NEE)

- 28, 3E/\1M/\—&

« Fy—LA/\KO>(J/W,D)
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° J-PARC Facility

RIK=N

1 5§ B § ] J pmpeny

Materials and Life Science
Experimental Facility A

e

Hadron Beam Facility

Nuclear - -,
Transmutation

(Phase 2)

e —

Neutrinoto &=
iR Kamiokande s

50 GeV Synchrotron
(0.75 MW)

J-PARC = Japan Proton Accelerator Research Complex

3 GeV Synchrotron
(25 Hz, 1MW)

Joint Project between KEK and JAEA 31
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SPS-NAGO

1600 | central In-In NAGO A -
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— QCD sum rule & DBEELLE

(moment f277)

T. Chujo (U. Tsukuba)
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RHIC-STAR
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N, in 1.5 MeV bin

Simulated di-electron spectrum
(breliminarv)

-~ 1<y<fZ 0_.>1 50, 100.0B ievents —#- UL simulation Based on &t spectra of JAM

T : : : —=— LS simulation| :
. \ ......................... With(efsolahon=o'7atspo .......... ....... meaw 1t° — eey

or §|ngle 'eg§ deteCt'o'?) ceea M eey b<1fm (0.25% centrality)
: : : --m = eey :

- p— ee
e ) ee

2
|

I TTTI
»

Other hadrons mT—scaIed

—
3,
il

Momentum resolution 2%

=3
<

Electron efficiency 50%

10°

.................................................

No detector response

10* ...... § .......................... 10 = 100 G events

% ’f, | <100k events/s
103 ; L ‘ § ;
f""”' . | x1month running
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Calculations by T. Gunji and T. Sakaguchi
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cf.) STAR (BES-Il) fixed target program: 5 M events @ vsyn =5 GeV o




4. Connections to other
fields



Ew I\ YR YIANY
tot+138 2 (GRTE) to+3x% 1023 $J Faﬁi%b
- CMB




ey
to+138 B2 (FR7E)

t(us)

Fig. 8.11. Temperature, T, of the Universe as a function of the age, f, around the
epoch of the QCD phase transition. Typical scales used are T, = 170 MeV and
A =78 ps. Compare this figure with that in the relativistic heavy ion collisions,
Fig. 13.7.

) NJLISY
to+3x 1023 PE i

Fig. 13.7. Time F?'ﬂlu_tial'! crlt the temperature of hot matter with a first-order
QCD phase transition (solid line) at T.=170MeV created in the central region

of an ultra-relativistic heavy nucleus-nucleus collision. The initial temperature
is taken to be Ty = 2T, at 7, = 0.5fm, and the freeze-out time is given by

THa'ch = 5-9; as shown in Eq. (13.19). Compare this figure with that in the early
Universe, Fig. 8.11. E

Figures from, “Quark-Gluon Plasma”, K. Yagi, T. Hatsuda, Y. Miake,
Cambridge Univ. press (2005)



The problem of initial conditions

"
5
5
- * 4
3 b 2
4 2 ~ 0

03 2 yitn]

aim) 4 8
. 8

e Problem for cosmology and heavy ion physics: precise initial conditions for
fluid dynamic description not known

Planck+ WP Planck+ WP WMAP9+eCMB

+highLL +highl+BAO +BAO @ PDG .
Qph? 0.02207+0.00027 0022144000024 0.02211 + 0.00034 particle data group
Qch? 0.1198+£0.0026  0.1187+00017  0.1162 0.0020 July 2014
100 By 1.0413£0.0006  1.0415 0.0006 N PARTICLE
ns 0.958 + 0.007 0.961 £ 0.005 0.958 £ 0.008
r 0.001 73013 0.002 +0.013 0.0797 0013 P H YS I C S
In(101°a%) 3.000 +0.025 3.001 +0.025 3.212+0.029 BOOKLET
h 0.673 +0.012 0.678 % 0.008 0.688 + 0.008
o8 0.828 +0.012 0.826 +0.012 082210013

+0.016

Qen 0.31553017 0.308 + 0.010 0.293 + 0.010 Chinese Physics C

Qn 0.685 3017 0.692 + 0.010 0.707 + 0.010 R Uy e

@ Nevertheless, cosmology is now a precision science!

@ How is that possible?

15

S. Florchinger (QM2015)




Today = 14 hillion years
Life on earth . “

Acceleration \—— > 11 hillion years
Dark energy dominate sl = S N ety

Solar system forms\ & = = el
Star formation peak \SEESSEEENEHlGoNYEaS ===

.

Galaxy formation era\ y . . :
Earliest visible galaxies - 700 milljon years ‘ For heaVy 10NS and the COSMOs,

fluctuation analysis can provide detailed
information about material properties

_ _, and expansion history without full

Matter domination 5,000"v¢ars control over initial conditions.

Recombination Atoms form \— +-400,000 years =
Relic radiation decouples (CMB) @ = e:) @ \e=2
=z / et

Onset of gravitational collapse

Nucleosynthesis — 3minutes — Common challenges require

Light elements created - D, He, Li

Nuclear fusion begins : _0.0l sqépn_d_s _ commonalities in anaIySiS teChniqueS.
Quark-hadron transition lis - s . .
Protons and neutrons formed o NG | Interplay between both fields likely to
~— el | ] L become more important in the next
Electroweak transition e | 1 —
Electromagnetic and weak nuclear : decade

forces first differentiate

Supersymmetry breaking

Axions etc.? S. Florchinger (QM2015)

Grand unification transition |
Electroweak and strong nuclear 25y
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




Mystery of neutron star matter

Slide from H. Tamura

= Final form of matter evolution in the universe
Produced by supernova explosion, Observed as X-ray pulsars

= Highest density matter in the universe
M=1~2M , R~10~20 km Nuclear “Pasta”

©!
=> Density of the core = 3~10p, (1~3 Btons/cm?3) o

Po: Nuclear density
= Various forms of matter made of almost

only quarks

= - i- -~ AN —— - '_ . _. ??
Matter. - N Quark Matter* *
High densit — e, onfined quarks
matter with

superconductivity
(strange ¢

High densityformation may help multi-strangeness production




Neutron Star - Neutron _
Star (NS-NS) merger vs. B
HI collisions at J-PARC

200F

= _F
T *°rg Rt g C
1= = ~ Quarks and Gluons
b 2 Critical point? ~
= 2 . & Occyy - b CNN =2 —2X:
© I %@/ | http://www.cnn.co.jp/frin html
ﬂé_ 100k TI;\ Hadrons e,,%y ’/\_( FLZYY—2
L B .
K2 % Q_r;@ /‘f"%;g o~ http://www.cfa.harvard. viwr n_nigh
- & K PressConference_2013-07-17_640x360_low.mp4
j Color Super-
/ » Neutron stars condt_ic_téij%:
4 : ,io;z
Nuclei Net Baryon Density

NS-NS merger can touch unreachable region in phase diagram

“high density and (relatively) high temperature”
cf T~ 100MeV, us™~ 1000MeV (Shapiro 1998, Chen,Labun 2013)

Slides from K. Itakura (J-PARC HI workshop @ KEK, Nov. 2014)



at 10° K

Expansion Time (microsec): 0

strongly coupled system

World at 10-°¢ K

®Li (optical laser cooling)
Fermi gas system

=strongly coupled system

Very similar at 10'2 K

= strongly coupled QGP
(sQGP)



Viscosity/entropy in ultra-cold SLi gas

10 = string theory limit
0.8m %H
@
0.6- ‘{J
8= 4w H . . . . . .
is ® Universal Quantum Viscosity in a Unitary Fermi Gas
02-4m i
6o ' bt—r—T—T—T—T i C. Cao, E. Elliott, J. Joseph, H. Wu, J. Petricka’, T. Schifer?, and J. E. Thomas*
06 07 08 09 10 11
Physics Department, Duke University, Durham, North Carolina 27708
4= = !Physics Department, Gustavus Adolphus College, Saint Peter, Minnesota 56082
IR Physics Department, North Carolina State University, Raleigh, North Carolina 27695
2 -
ﬂ@_}li ﬁ ok *To whom correspondence should be addressed; E-mail: jet@phy.duke.edu.
F o
* e}
o ad
1 1 1 1 1
1 2 3 4 5
E/E,

Science 58, 311 (2011)
arXiv:1007.2625v2

Initial energy per atom




K p (A*) condensed matter

KPM

* Strong binding A* =K - p (1=0); B=27 MeV
* Stronger inding A*-p; B~ 100 MeV
* Stronger binding A*-A*; B~ 200 MeV

* Heitler-London type molecular bonding
* Multi-bonded: A* strangelet -> stable ‘
matter?
* Chiral symmetry restoration:
enhanced binding: furthermore

» Stable, large, heavy, dense, inert, neutral:

fulfil required properties for DARK MATTER Hadronization +
. . i KPM seed f ti
* How KPM created: Big Bang universe P Lo "
a : . . _Evaporating hadrons and Stabilized KPM
right after Big Bang, before hadronization: £ kg Tdemipigien DARK MATTER
anti-particles are proceeding to SEE S :}; goo 7 i
annihilation vl IR ey

p=uud o~ C‘Z g QOOOO

o ©0°0 ' K duster

© © Hadrons

T. Yamazaki
(Reimei WS, 2016)



counts/(2 MeVi/c?)

searches for exotic bound states

Nicole Martin and Benjamin Doenigus, ALICE

3500F-Pb-Pb Sy = 2.76 TeV i
- (0-10% central) +
000 AEE R
2500F %
S ++
2000F +
[~ +*=
1500F &
1000 &
g T AA EP
- i Il o o i M W 3l W
22 2921 2722 273 274 225 2946 221

invariant mass (Apn) (GeV/c?)

no H, Lambda-n bound states

BR x (dN/dy)

BR x (dN/dy)
S o

10 F

10° &

ALICE Pb-Pb {5y = 2.76 TeV (0-10% central)

Upper limit An (99% CL)

Preferred BR from theory

Upper limit H-dibaryon (99% CL)

Preferred BR from theory

| A A A | A A A | A A 1 A

Y 0.4 0.6 N T
Branching Ratio (BR)

arxXiv:1506.07499

P. Braun-Munzinger (HYP2015)



Outlook: what is in reach?

s, 10°
© — Pb-Pb \s,=2.76 TeV N __ =350
£ 105 A Thermal model
e, 1 — T=164 MeV
;&_’ 10" T=156 MeV
102 An v
10° A"
1095 — -
107 4H e i
s ! wH
10 :
10° e
10-10 /\H

EXxciting possibilities for LHC Run2 and in particular Run3

P. Braun-Munzinger (HYP2015)



@ |]-PARC

Particle production rates

10°

10

NxBR

Beam : 1010 Hz
0.1 % target 10
- Min-bias event rate '
10MHz
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Yield / month

In 1 month
p,m,0>ee

P

T T T T T PR R S STTTTITI LITTT B FTTTTTTe Py

HSD calculations in FAIR Baseline Technical s . T
Report (Mar 2006) o “ g
A. Andronic, PLB697 (2011) 203

H. Sako
(Reimei WS, 2016)




Many others...

High energy physics < small system < multi-parton scattering or
CGC.

Fluctuation < non Gaussian fluc.

Charmed meson, baryon (LHCb (penta quark,exotic))
High energy cosmic ray & QGP (LHCY)

Crossover phase transition

He anti-He (CTP invariance)

Strong and intense field (E, B), color field.

CME (chiral magnetic field effect) in condense matter physics
(observed; ZrTes etc.).

String theory, black hole and AdS/CFT
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Quark-Gluon Plasma
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Summary

® In this |6 years, a rich physics program using heavy
ion beams at RHIC and LHC.

- Many discoveries (e.g. sSQGP) and progress on
understanding of nature of QGP.

- New paradigm (small system), and unresolved issues.

® Presented our scope in 20 years & connections to
other fields.

® |n my view, interplay with other fields, in particular
cosmology, cold atom physics, and condense matter
physics will become importance in the next
decade(s), to reveal a nature of QGP and history of
universe.





