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Hadronic freeze-out

Temperature T (MeV)

J. Randrup & J. Cleymans
[Phys. Rev. C74 (2006) 047901]
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History of Heavy lon Accelerator
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dN/dy

Baryon stopping

Proton at 11 A GeV
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Net proton dN/dy
(proton - antiproton)

80__ A AGS AGS Y, BRAHMS collaboration, Nucl.
. (E802,E877, E917) f Phys.A 757 (2005) 1-27
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Fig. 1. Rapidity density of net protons (i.e.. number of protons minus number of antiprotons) measured at AGS.
SPS. and RHIC (BRAHMS) for central collisions [19]. At RHIC, where the beam rapidity 1s y = 5.4, the full
distribution cannot be measured with current experiments, but BRAHMS will be able to extend its unique results
to y = 3.5 from the most recent high statistics Au + Au run, corresponding to measurements extending to 2.3
degrees with respect to the beam direction.



Radial flow (expansion) and blue shift

pure thermal
source

O

expanding
source

1/p dN/dp

1/p1 dN/dp;

—E, /T

€

Pt

N

heavy

Pt

collective
flow

Energy (pr) distribution determined by
temperature T:

Boltzmann distribution (thermal distribution)

Particles are pushed by common velocity (flow).
The larger energy for the heavier particle (kinetic
energy ~ mv?).

Particles come towards an observer (blue shift)

Boltzmann + radial flow effect



collective
flow

Collective flow

Hydrodynamical Model {Central Au+Au)
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dN/d(q>-\u2) arbitrary scale

Elliptic flow
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Elliptic flow crossover at AGS energy
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C. Pinkenburg et al. (E895 Collaboration),

PRL 83 (1999) 1295-1298.

squeeze-out

side-splash, bounce-off
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bounce-off, side-splash

squeeze-out

Beam Energy (A GeV)



Beam energy dep. of v,

® Low energy (~200MeV): positive v
® bouncing off of colliding nuclei

® Medium energy (200 MeV - 4 GeV):
negative v

® blocking effect by spectators

® High energy (>4 GeV): negative to
positive v2

® Dbetter separation between
spectators and participants

® Nuclear mean field

® Pressure gradient (EOS)

squeeze-o!

side-splash, bounce-off

¥ Fopi (prelim.) 1
® EOS -
A E895 .
B ES77 -
@® CERES R
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® Phobos .
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CERN-SPS;

Super Proton
Synchrotron
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Jet quenching @ RHIC (= energy loss of parton in QGP)

”hot /dense QCDmedium”
7QCD vacuum”

Raa =

v 1) Decrease of high momentum particle
yields

e No observation at lower colliding
beam energy (e.g. SPS)
e To reproduce data by “Jet

aquenching” parton energy loss
model:

e  Gluon density: dNg/dy ~ 1100

e Energydensity: €>100¢ (!)
e (=e€>15GeV/fm3)
v 2) Disappearance of back-to-back jets
Energy loss ~ few GeV/fm
e Cannot explained by hadron gas.

=» One of the evidences of QGP
formation
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T. Chujo, 2013 Joint Workshop of FJPPL (TYL) and FKP
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Strongly interacting QGP,
perfect fluid (2005)

NATIONATL TABORATORY

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 10on collisions appears to be more like a
liquad.



Azimuthal Anisotropy
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v2: quark number scaling

- 200 GeV :closed |
03 62.4 GeV :opened A
- Au+Au :large Q A
0.25F- Cu+Cu :small A
- A
0.2f & %\ I
=" :
015 i E t+ *
oif , } Lo
3 :3“
0_05: "
:ll |||1||||1|1||1|1||||1||||||1|
05 1 15 2 25 3

p.[GeV/c]

arXiv:1412.1043vl (PHENX)

ol er  ©0-10%
i ® 10-20 %
. mK e 20-30%
- ® 30-40 %
008 AP o 4050 % d |
‘Q’Tc:u i M
Z ot {
* . 0.061
<[
g
;N 0.04_— 4
0.02]- Ay
_lIIllIlllIlIlIlllllllIlllllllll
Y 02 04 06 08 1 12 14 16

KE,/n, [GeV]

‘/ Quark number (ng) scaling
— Indication that anisotropy
developed at parton level, not
hadronic level.




Quark Coalescence also
explains v2 behavior

Vv Universal azimuthal distribution of

Hadron quarks
OQ ©" fAzimutaI distr. of meson (2q); )
©e dilv—M cw? =(1+2v,, cos2¢)’
& S . !
© ~(1+4v, cos2¢) U
C_ - _Q o® Azimuthal distr. of baryon (3q);\
. dN, - 3
© '\ @ Eocw’ =(1+2v, cos2¢)
C - o d¢ q
©_Ceog
‘@ \é © . ~(1+6v, cos2¢) o
€ T og
QGP Azimuthal distr of quark: W

w o (l+2v, cos2gp)

= Quark Number Scaling in v2 !! 22



Strong coupling and shear -
viscosity side from Y. Miake

internal resistance to flow

(From view point of Kinetic theory,

Low 7 N celte s
ARE
. n ~ %nﬁ)\
High n PP
(A—0)

(n/s) ~pA N\ O

(uncertainty principle)

y dimension . . . .
\ dimension less in natural unit y

boundary plate
(2D, movi ni) velocity, u
shear stress, ( F ) au
fluid gradient, :’)’\’ S Oy
e ® Wikioedia ) 1 v Strong coupling

23



LHC
(2009-,
= JsnN = 2.76, 5.1
TeV)

ALICE

West Area

elektronok
— OZitronok
e DrOtONOK
antiprotonok
Pb ionok

LEAR

. ? South Area

p Pbionok



LHC (Large Hadron Colllder)
7~ 009- Vsnn = 2.76, 5.1 TeV

Tile Calorimeter Liquid Argon Calorimeter

M M3
SPDPS proay’ M2
ECA.L

/ | \
Toroid Magnets  Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker

LHC: Circumference : 27 km
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Heavy lon Collision Even;

g el g
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Run 168665, Event 83797 EXPERIMENT
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LHC (2009-)
RHIC &R TER. KB, REMQGP
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Elliptic flow (v2): negative —positive
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Slides from S. Nagamiya (J-PARC HI workshop @ KEK, Nov. 2014)
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Temperatur T [MeV]

o 1

Density r/r,

https://www.gsi.de/en/research/fair.htm?nr=8
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e(T)/T*

Recent Lattice QCD calculations:
T.=150-200 MeV,

cross over phase transition from hadronic phase to
partonic phase (QGP).
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JHEP 1011 (2010)77
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Nuclear Liquid-Gas Phase Transition

192 —r——————————————
® ""Au+""Au, 600 AMeV
| 0'%C,"°0 +™Ag,'¥Au, 30-84 AMeV | :
T : ’ Fixed Volume
10 F A?Ne+"'Tq, 8 AMeV - 20
V10 <E;>/<A> | >
8 : g
il {5 10
@
Q
5 St ..
: | N
; 2_(<Eo>/<Ao> — 2 MeV) 0 S 10 15 20 25 30 35
2k 3 | Excitation Energy / Nucleon (MeV)
o) P T S T Ohnishi, Randrup ('98)
0 S 10 15 20
<E0>/<Ao> (MeV) J POChadza”a et al. (GSI'ALLADIN

collab.),PRL 75 (1995) 1040.

FIG. 2. Caloric curve of nuclei determined by the dependence
of the isotope temperature Ty.r; on the excitation energy per
nucleon. The lines are explained in the text.

* A temperature scale was derived from observed yield ratios of He and Li isotopes.



ah-ofel &

EDILRILF

—TRIBON LD, BRFET T

<D 3

TINZESTILKERTES, flcw £ T
/;%Eén%’ﬂﬁ_jrﬁq/i%n/ﬂnxt/\“u 71_\/%1%6;

QCD X L

ICHBDT71 T D,



Temperature T (GeV)
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Center of Mass Beam Energy \/éNN (GeV)
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5 1

- partonic phase

e .

...............
.,

— LHC E
Pb-Pb (2.76 TeV) 3
0-20% central ;
— ------ Model: MIT bag/QGP gas g
A Chemical freeze-out data g
e Fit to freeze-out data =
=) nucl-th/0511071, Andronic et al. ] é
- Freeze-out at n = 0.12 fi :
hadronic phase |
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Braz. J. Phys. vol.37 no.2¢ Sao Paulo June 2007

http://dx.doi.org/10.1590/S0103-97332007000500024

N. Xu
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Space-time evolution of Heavy lon Collisions

\—/

Parton scattering

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

Kinetic freeze-out (ceases

elastic scatting, particle
momentum fixed)



Hadron production in the local
thermal equilibrium (1)

Assume (1) local thermal equilibrium (T = const.) and (2)
chemical equilibrium (ni: particle multiplicity = const.)

Particle multiplicity (ni) can be determined by Temperature T,
chemical potential y,

From Grand Canonical Ensemble for fermions and bosons:

41

00 2
. & p-dp
C o S E )T

2 Ei=\/p2+mi2

Simplest form: dn ~e """ dp




Hadron production in the local
thermal equilibrium (2)

A particle ratio (e.g. pbar-p ratio)
— Ratio of u/T is determined.

Another particle ratio (e.g. K/m ratio)

- Toupu

By repeating these procedure (fit), one can determine the all particle
ratios and abundances by from T and p only.

This model is called “statistical thermal model”

Need the measurements of particle ratios and parameter fitting for T and

U (MB).
— —(E+w)/T
P _ € _ 2ulT
p e—(E—M)/T

K
T

o EIT

~(Ex-E,)IT —~Am/T
=e T L g

e_(E”)/T
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200 GeV

dev.

HNON &

RHIC data: AutAu 200 GeV

. - Ta= 15743 [MeV]
200 GeV Au+Au, <N > =322 H= 94%12 [MeV]
i | | | | | | | | | u= 31423 [MeV]
: —i—Ouke K ¥ idof= 199/ 10
. - .
3 e E E
" AT i
L T -
— - maode] calculation -
: ke 3
A PHENIX data &
- % STAR data .
i | ] | | ] | | ] | | ] ] ] i
) " | U
r K p P T QKK § P AA & =T Q
r K p p = Q(K)=x = = = = =x =
T T T T T T T T T T ¥ T T T
M“’"A"w"*'"* """" & '*"'A""* """"" f"'*""#"
| | | | | | * | | | | | | |

* 1) el down ofExt o cooected i den
(*2): fooddown cixt i inchadad



10"

particle ratio

1072

10°

104 L=

LHC data:

2.76 TeV Pb+Pb

Pb-Pb | sy=2.76 TeV

I llllllll | llllllll

| .I I.l I‘IIII

Pretiimin;ary

l Data ALICE 020% (prel:mmary) * q.

_;r_164 MeV p_1 MeV

K'/nt K/

p/rct

pix  Elt Eiw Qitt Qv
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Temperature T (GeV)

0.2

0.15

01

0.05

Center of Mass Beam Energy \/éNN (GeV)

5400 200

20

5 1

- partonic phase

e .

...............
.,

— LHC E
Pb-Pb (2.76 TeV) 3
0-20% central ;
— ------ Model: MIT bag/QGP gas g
A Chemical freeze-out data g
e Fit to freeze-out data =
=) nucl-th/0511071, Andronic et al. ] é
- Freeze-out at n = 0.12 fi :
hadronic phase |
e ... .. = . _
LHC RHIC SPS AGS SIS
1 1 1 11 1 I 1 1 1 1 L1 1 1 I 1 1 1 1 1 L1 1 l 1
0.01 0.1 1

Baryon Chemical Potential ug (GeV)

Braz. J. Phys. vol.37 no.2¢ Sao Paulo June 2007

http://dx.doi.org/10.1590/S0103-97332007000500024

N. Xu
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Spontaneous Chiral
Symmetry Braking

4 I<aq>P,TI Spontaneous Chiral Symmetry Breaking:
Characterized by Order Parameter <qq>
< qq >= 250MeV*
300 Mew RPN S qq High p
-di FAIR/J PARC Po
T LHC " . """ \
l[emperature 2 —

Den3|ty




Dileptons from fireball

Dalitz: Heavy flavor: Direct:

{= Known Source = “Cocktail”

mO>ve+e-  ccDe+e- +X p>e+e-

n->ye+e- bb>e+e- +X w>e+e- VS.
n->nle+e- b>e+e-

dp>ne+e- Drell-Yan: J/p>e+e- | Experimental data

=

q>e+e- P'Detre- |

Dileptons

R(fireball) =10-15 fm probe the entire space-time
evolution of the fireball

(continuously emitted during the
evolution)

Not subject to strong
interactions, not significantly
U, . affected by the medium at later
stages of the collision

m,. = \/ p..pP..sin

—



(d°N,, /dndm) / (dN,,, /dn) (50MeV/c?)

10

10

10

10

10

10

'
w

Excess on di-electron
mass spectrum (data)

0.5 1

CERES (SPS)

Enhancement

T 1 4 1 Ll I 1 T ] T 1 4 1 T 1 T ] Ll 14 L T I | T T 1 4 L | 1 I 14 | 1 T 1 T 1
b\ p-Be 450 GeV/u 1o, B\ p-Au 450 GeV/u o] S-Au200 GeV/iu
- 21<n<265 21 <1 <265 : - 21<n <265 =
: p, > 50 MeV/c 5 p, > 50 MeVic 5+ p, > 200 MeV/c ]
R (dN_, /dn) = 3.8 10 = (dN_, /dn)=7.0 10 < (dN,, /dn) =125 !
E -6 &+ |
F 2, 10 % Eh 10 = E
i.- : n‘ ' I._ ‘o 41 4

: % k Tt e, % s = -
L M 10 7_,\_ Dte ¥ 88N . 10 7,' |
?8 ' @@.}u ¥ . 7 : \ o |9 . _ ; é E
' & :’/ . - ‘_f_ "’_ '8 1 1'} N _e ) V';A ! s; I%-'A s 9 i ‘8 “. .
" e T 8 *%w r TR g O -+ . E
L L asatoeeaa : b 1’ /" ¥ charm ~ H - .
-+~ 4 charm v R - P v y
5- |: [l l«".' [l Il ' I 1 1 .}:‘\ : l'l’:- ! 3 1 l il 10"“- 1 I "-’1' 1 1 1 3
0 0.5 1 0.5 1



Excess on di-electron mass spectrum (data)

PHENIX data
10"L - .
- min. bias Au+Au \|s,, = 200 GeV

* DATA n? — yee Jhp — ee
102 Iyl <035  ===e n - yee y' — ee

pe>02GeVic—— W ~vee T cC - ee (PYTHIA)

! p—>ee — sum
p cC — ee (random correlation)

w-—-ee& ree —
% —— > ee &jee bb — ee (PYTHIA)

-
S
w

dN/dm_, (c*/GeV) IN PHENIX ACCEPTANCE
o

10°

—
(=)
T

DY —- ee (PYTHIA)

—
Q

dN/dM.,, (c*/GeV)

-
S
o

STAR data
! | ' | ! | ! | ]
Au + Au \s,, =200 GeV (MinBias)
pe>02GeVic ... o0 Jy.w
me<1,lyI<1 =, 1, ®, bb, DY

— — cTPYTHIA -
—— Cocktail Sum

T T 1 T
— () 4 —— Rapp: broadened p +QGP ]

Data/Cocktail

; ol .-j‘i""_.-‘.l— ' - #J [ R

------- PHSD:broadened p +QGP —

Ratio to Cocktail

A. Agakichiev et al., Phys. Rev. Lett.
75, 1272 (1995). A. Agakichiev et
al., Eur. Phys. J. C4, 231 (1998).

4 4.5
m,. (GeV/c?)
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Rcp = (yields in central x Ncoicent))/(Yields in peripheral X Ncoiperi))

r STAR Preliminary 7.7GeV

Stat. errors only 11.5GeV AN — .
10 Not feed-down corrected 19.6GeV I o -I PV A *E EE*z b\ N 7 D Z ; I
il .

I

-

27GeV
39GeV

2cey ooy IN—D? BR5R S B DH?

I lllllll

=
; _ ........ ;.i..'.ii..: ........................ OS/A“;A“PNSSWL 0% = ((N — (N )):) 3 £
o f %, 38%)8/5 T . S = ((N—(N)*/o
@ os E_ Net-proton %&53.‘%3“ _E " <(N - (N>)4>/04 -3
o poanasaanios | T T8
12 | | - ® ™ Saryon chemical Potenta y (MeV)
Nb 1 ;. T T T ..........:« N »
e $ ........ potl & « RHIC E—AIXJLF+—AF+ > (BES-I; Beam
08 = ° UrQMD : 0-5% p+p _
. $ e Energy Scan), 7.7 - 62.4 GeV IC & 2R REE
S F o E
g 1.05 8 e = M2 N R\ T S~ PN
& by B %g‘-‘-‘i‘l ---------- g — Raa, Vo DI A—TERT—I VT, S
© 095 [ e PR :
g)b, 0.9 E_ 8 ° STAR Preliminary _: Ej-d: t\\

PR R | L L — ol " L =
567810 20 30 40 100 200 300

o (550 ~ RIEBBRLBIR L
+ K DFHElRZF v (BES-II) @ RHIC (2018-2019)




2. L7 M2 HIFEDE

$NOL V¥

A1 ZILHIMEDBNIIRZ TcDh. RZEWVWDH?

s BIRILF—EALAY

- SPS‘NAGO (PRL 96 (2006) 162302)
« Modification of p meson due to hadronic effects

- RHIC'PHENIX (PRC81(2010) 034911)
* Origin of the enhancement is under discussion

- RHIC-STAR

 Enhancement is seen, but much smaller than PHENIX

o [RFIXIER (p-A)

- HADES (G. Agakishiev et al. Eur.Phys.J. A 48 64 (2012).)
* Enhancement in low mass region

— CBE LSA/TAPS (Phys.Rev. C82 (2010) 035209)
e Modification of w is not observed

— J-LAB CLAS G7 (prL99 (2007) 262302)

* Mass broadening of p due to hadronic effects

— KEK-PS E325 (PRL 96 (2006) 092301)
» Peak shift and width broadening of p/w

Slides from K. Ozawa (RIKEN HI tutorial, Mar. 2014), modified

[van Hees+R. Rapp ‘06]

[ central In-In NAGO A ]

1600
i in-med p
1400 | all pp QGP
— 1200 DD —
2 47 mix
g 1000 sum
% 800
=%
S 600
el
400
200
02 04 06 08 1 12 14
M [GeV]
KEK-PS E325
U —e o YENVT O EOCY
1500F .
C (b) Cu — fit result
A
1250F w—e€ e
=r=poe’e
1000F [ ------ ¢)—>e+e
/50F i e
- St j: - - background
500F A
/ B
250F / N

G T ——)
invariant mass [(GeV/c’l
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J-PARC 1 AV EZEDY)IE

(\/SNN =1.9-6.2 GeV )
OEAAIUDS UEAA Y XTINLR

oAGS TIRAIELBD o T (KRB oTc) MBEEZMHTHEL., HRAEKED/NVA
VEEVEZEMRIT S

(LI RUHEER S a—A) A

= 14 ZILWIINERIEDH T
=k vinn

=» S/INUAVPEDS OEEFHEH ?

- BESZEDHE NUAVE - BEEHEDOREFE)
= QCD RSt = ERE

- IXV T v I/\ROV/REFE. Fv—LDYE
e multiple-strangeness (A b L >3 L v MNEE)
- 28, 3E /NI
e Fr—LAJ/\KO>(/W,D)

- /\ROVHROYEEAE. BZEZYEDOYNE )
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Beam energy vs. collision rate

J-PARC

Collision rate (Hz)

-
<
IIIIII||] Illlllﬂl IIIIIII1 IIIIII"l IIIII|'|7| IIIIIII‘ IIIIII||'| T TTTI

-

J-PARCTODEA A VEZEEETIZ. HREEDOE—LBE T,
1.9-6.2GeV TOEA A VEFEZEWEENTEEIC

CDEE (BAEEN) Tk, BIDRBTOE—LL—DME1% RIGEZ{RIE.
AGS, SPS (NAG1) [CDWTld, F—%EE&EL — M ZEtEICKA




% : e

| Sketch of the ITS upgrade with halfa Pb-Pb event superimposed

iy

Standard GEM
Pitch=140um
Hole ¢=70um

o

e SL—HMICMAD 5K - T — Y NERDFIAREEIC
7> TE 1z (B : ALICE, CBM (FAIR))




J-PARC E A1 7 V&R TER AT RETR
INUAVEBE

[25A GeV Au] +Au

500 JHF(Evn) o O JA
250 L. JHF(Ave.) —— L (Hadronic cascade model)

SPGL &3h5 o | Y- Naraetal, PRC6T (2000)
200 CRRER o5 O
% P > 6 pg
=3 150 for about 3 fm/c
™ 100
90 |
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Baryon density (simulation, JAM Cal. by H. Sako, 2014)

2 T T T T T
9 . . : i YWTWCYTE, . AuAU@6ECGeV T —+—
AAUBECEY A 18 L AuAU@6GeV Z —— |
g | A @BG . i AuAuU@BGeV T —x—
AAUGT0GY o 16 | AAGBIOCV T o T
S, 7} PbPb@20GeV - AUAU@10GeV Z —o—
= PbPb@30GeV —e— 1.4 ¢ PbPb@20GeV T l
N 6 | PbPb@404GeV O PbPb@20GeV Z —a—
C o 12 PbPb@30GeV T 1
O st S PbPb@30GeV Z —
© 7 PbPb@404GeV T .
] PbPb@404GeV Z —o—
C 4} 0.8 | y
S )
| -
E‘ 3 | & 06 I~
8 o | 0.4 |
1l 0.2
0
0 # i ! . 0
0 2 4 6 8 10 12 14 o
Time (fm/c) Time (fm/c)

* JAM: hadronic cascade model

*  http://phits.jaea.go.jp/OvPhysicalModelsJAM.html
Y.Nara et.al. Phys. Rev. C61 (2000) 024901



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

=
> 200Fm
@ TP
= = Quarks and Gluons
1 I.G—J % Critical point?
= @ 0, CNN =1 —X:
3 ® \ @ eco,,,,,” _ _
© l e, http://www.cnn.co.jp/frin html
()
g_ 100F ’% Hadrons 6"0'0’ ’/\( TJLRAUY—X
, & ) % .
kS, S %{;9 '%- ~ http://www.cfa.harvard.edu/dviwrap/open_night/
& o)
& “’%} PressConference 2013-07-17_640x360_low.mp4
‘ Color Super-
Neutron stars  conductor?

J L
7/

Nuclei Net Baryon Density

o

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)



QCDHIE & AR NILEEEK

Slides from M. Kitazawa (RIKEN HI tutorial, Mar. 2014), modified

DRRY M LIS % R ) Q)54 —5%.

= /3“/‘\ Zpole QCDHMEIN S HEE

>
Epole Ethr W

- — fit result
1250F ---- (u)—>e:e_'
=] o “epoele
FEEFOQCDHEA 5787 == Y =ulep WRREEG- e
/50F o w—e'en
: - - - background

/I - ﬁ:
R g e
BT ?  ob 2

m P b
L =1-c E325@KEK % / ™
m, Pvac R R —

5 i
invariant mass [GeV/c’l
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T. Chujo (U. Tsukuba)



QCDAIAN & AT L%

Slides from M. Kitazawa (RIKEN HI tutorial, Mar. 2014), modified

comment by #IHZ A

International Conference on Soft Dilepton Production

LBNL, 1997
http://macdls.lbl.gov/DLS_WWW_Files/DLSWorkshop/proceedings.html

/Z/\° 7 I\ )I/ g % A—\- D\ e spectral sum (moments) vs. spectral shape
F/ \1-'5— 7'3— N [ dsNypo (9)sh, Nete—(s)
:E) A E ]] I— 0) 7'3 Ck Constrained by QCD condensates  sensitive to dynamics
L~ —
D EHEICER & :
Q C D}}ﬁiﬁ'ﬁ'ﬁ j:d‘: J:L/’ $§E —C\\ moment analyses must be done

(like the parton distribution q(x), G(x))
=3 J
See also, Hatsuda, Hayano, RMP82, 2949

T. Chujo (U. Tsukuba) 6 3



AIE R E DR

SPS-NAGO RHIC STAR

' ' ' ' ' I h - xo—ge ey Cockla:lw/op
1000°F central In-In NAGOD 4 : n_—*eD?«'r ‘e e 19M:(G’:$ x 0.0002
1400 | in-med p ] - f]c__: e"é'-f °% o 27Gevx001
QGP ] Jiy - e*e © 39GeVx05
[ DD - w—e'e(n) ® 624GeVx15
E 1200 F AT mix . o—ee(n) © 200 GeV x 200
= - _
2 1000 | sum ——— ] 1 % STAR Preliminary
S, [ ; sum+®+¢p —— |
% 800 | > \ : 7
= 600 | ] >
5 : i %ﬁ f 8
400 | N n\ ] =
: Sy b s
200 | TNl 2
N R
O ..... e —

[e—
[—
[\
[—
=
1/NEE dN

J-PARC TI&...
pr EVE. BEDHDEEBHE
— QCD sum rule & DOEEHE R |

( mome nt ﬁz'lg 7F )rl— ) invariant dielectron mass, M,,,, (GeV/cz)

T. Chujo (U. Tsukuba)
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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

SR A | <100k events/s
103 ; L ‘ § ;
f""”' . | x1month running

107

- - RHETRTH E ; — -
: ' NE I : :_.:;{}1{3 € o = FEjection efficiency of close
TN S R S U O LR DT WA ARURE TRUEY WAURT VRURY AR WA VAU VTN ST MUY o il opening angle Dalitz pair

0 0.2 0.4 0.6 0.8 1 12 14

Calculations by T. Gunji and T. Sakaguchi

NA45 (CERES) 7—% & D 3tiEWWHEtEZ 1 ¥ A THIF !
cf.) STAR (BES-Il) fixed target program: 5 M events @ vsyn =5 GeV o




Low-mass dielectrons, maximum at J-PARC ?

J-PARC
10¢
5 |
3 of
L I
< gl
6f I
55— A ?
|
1 | |
| 1

® NAGO In+In at 158 GeV/u

B HADES Ar+KCl at 1.76 GeV/u

A CERES Pb+Au at 40 GeV/u

A CERES Pb+Au at 158 AGeV (0/0,y = 28%)
A CERES Pb+Au at 158 AGeV (0/0,y = 7%)
A CERES S+Au at 200 AGeV

% STAR Au+Au at Vs = 200 + BES GeV/u

X: Low-mass dilepton enhancement factor
Measured / cocktail in m=0.2-0.8 GeV/c?

| ﬁ N

10°
o .
Nsyy [GeV] e Maximum low mass enhancement at

Maximum baryon density~8GeV Vs, = 3-8GeV?

T. Galatyuk, EM probes of Strongly
Interacting Matter, ECT*, Trento 2007

* Highest baryon density ~ 8GeV
(Randrup, PRC74(2006)047901)
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Event-by-event fluctuations

STAR PRL112 (2014) 032302

e Search for the critical point

and phase boundary T Ausiu Golisons 1 G
Direct comparison to lattice- bet |® @, SwclamDistibuion
QCD may be pOSS|b|e » b6t D;. ggo/osf/?/o |
3 4T Net proton o e |
* Net-charge So =48 popeosCevonios  TC e |
Xk LS SR ]
 Net-proton e
° St ra nge neSS K:O-z = X_g NS ZZ : g 23223?0%-80%
. . : @ Au+Au 0%-5%
* Higher-order fluctuations & i Proa o )
High event statistics § bol
Wide y, p; acceptance g o
0]85 L | Ll

5678 10 20 30 40 100 200

Colliding Energy ys,,, (GeV)



K'/r*

K/m

Strange meso

10 I!l T TRrTTT T IIIIIII| IIIII TH IK
‘ A EB895866 Vv E8028667
® NA49 [ NA44 .
m STAR O PHENIX
—— thermal model —§
-1 )
10 -
I - o
. ~ 0.2
| 1 m
H - x
0.2 + — ‘(:_)
0.1+ —
0.0 R
. -~ 0.2
I ] G
0.15:— ] g
| | S 0.15
01t y —
0.05 .
Jllll 1 IIIIlIII Illl !
0 1\ 2
10
J-PARC

A. Andronic et al, Nucl.

Phys. A 837 (2010) 65

l
0.2
0.15 [}

0.1t

0.05 {}

Ik

me»

T TT |
E895 V¥
NA49
NAS57 NA44
STAR

—— thermal model

E896 —

0.15 [}
0.1}

0.05 [}

| | |II|
T ||||

0.05 [}

| ll||I|l|
T ||||I|||

| II]II]II
T IIII|I||

I |
T T T

n/baryons

Systematic energy
scan below the

aa: “horn” at ~8 GeV

Almost no =, Q2
measurements
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Counts

Hypernuclei

Maximum yield at J-PARC

* Coalescence of high-density
baryons

S=-3 Hypernuclei

only possible in HI collisions

* Precise secondary vertex
reconstruction (mid rapidity)

e Closed geometry (projectile
s rapidity) with full beam intensity

10' \ | | |
10 10 10°
J'PARC \ sNN (GeV) L.
. _ Projectile
A. Andronic, PLB697 (2011) 203 Gaguisutsion
-

e e B e B - Swreep / -
90 ] ] 1.2°T migmet -7

E magnct igmel <~
N @ e 2| g

= : | - L ~
0 E BTl ) B
60 |- + E TARGET /'\‘_,, | £
g0 E- 1 + 3 collimator ' m e

E 3 Beam and '
40 & | 3 unt',-am{d . : v
30 E T4 ojcctile il muifiscgmented " Colocimetes

E H H = agmetts Clerenkov countee
20 ?+antl'hypert"t°n E KEK Report 2000-11 for chiacgs spcurarments
10 Pb-Pb @276TeV — . . 69

L N e Expression of Interest for Nuclear/Hadron Physics

294 296 298 3 302 304 306 3.08 3.1 Experiments at the 50-GeV Proton Synchrotron

Invariant mass *He x* (GeV/c?)



o(s) [nb]

Charmed particles

107

10

D+Dbar

10' L2l /. . e

10 N 100
J-PARC S [Ge\'l

CBM Physics Book,
W. Cassing, E. L. Bratkovskaya and
A. Sibirtsev, Nucl. Phys. A 691 (2001) 753

11/21/2014

e c-c produced in the early stage
of collisions

— D,J/ip may be modified
— Probe of high density state

J-PARC energies close to the
production thresholds

— D (5.07 AGeV),J/p (4.77 AGeV)

May be possible increase of beam
energy from 12 219 AGeV/c

— Vs=4.9-26.2GeV (U)

— Enhancement due to multi-step
processes in A+A?

— Search for charmed baryon in
dense matter.
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Particle production rates

oc
Beam : 1010 Hz ﬂ)g
pa

0.1% target

- Interaction rate 107 Hz
Centrality trigger 1%

- DAQ rate = 100kHz

In 1 month experiment:

0,0,0p—>ee 107-10°

D,J/W 10°-10° (20AGeV)
(103 -10%(10AGeV))

Hypernuclei 10°-10%°

Ref: HSD calculations in FAIR Baseline

Technical Report (Mar 2006)

A. Andronic, PLB697 (2011) 203
11/21/2014

T T T T T T T T LE T T T e T LrR R T E R T E T LT T R LT T T Ty T T T TY T T T TTTY PP T T TTIS YOSt SRR SRR RS PR B

"giHernuclel'-
.......... .......... .......... .......... ........ .ilepten .......... yp .......... .............

P A PP FTT TR TETT RN SRR TT ITTTT TSP NS Py SR PN PN Frrae §

o oncevie | L\
B N A A

ELLI

J/Iv
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J-PARC HI Collaboration

Nuclear Experimentalists and Accelerator Physicists

S. Nagamiya (JAEA/KEK/RIKEN)

H. Sako, K. Imai, K. Nishio, S. Sato, S. H. Hwang (ASRC/JAEA)
H. Harada, P. K. Saha, M. Kinsho, J. Tamura (J-PARC/JAEA)
K. Ozawa, Y. Liu (J-PARC/KEK)

T. Sakaguchi (BNL)

K. Shigaki (Hiroshima Univ.)

T. Chujo, B. C. Kim (Univ. of Tsukuba)

T. Gunji (CNS, Univ. of Tokyo)

M. Kaneta (Tohoku Univ.)

K. Oyama (Nagasaki Institute of Applied Science)
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Heavy-ion programs in the world

Accelerator |Type Beam C.M. Beam rate / Interaction Year of
energy |energy Luminosity rate (secl) experiment

RHIC Beam Collider 7.7-62 10?6 -10?cm3s1 600~6000 2004-2010
Energy Scan (Vs=20AGeV) (Vs=20AeV) 2018-2019
(BNL) (C'otar=6b) (e-cooling)
NICA Collider 0.6-4.5 4-11 10?7 cms? ~6000 2019-
(JINR) (Vs=9AGeV (O,,:,~6b)

Fixed Au+Au)

taraet 1.9-2.4 2017-
SIS-100 Fixed 2-11(Au) 2-4.7 1.5x10%9 cycle? 10°-107 2021-2024
(FAIR) target (10s cycle,U%?*) (detector)
SIS-300 Fixed 35(Au) 8.2 1.0x10° cycle™ ?

target
J-PARC Fixed 1-19(U) 1.9-6.2 10%° -10** cycle? 107-10%? ?

target (~65s cycle) (0.1% target)

References

RHIC: A. Fedotov, LEReC Review, 2013

FAIR: FAIR Baseline Technical Review, C. Strum, INPC2013, Firenze, Italy; S. Seddiki, FAIRNESS-2013, C. Hoehne, CPOD2014
NICA : A. Kovalenko, Joint US-CERN-Japan-Russia Accelerator School, Shizuoka, Japan, 2013, A. Sorin, CPOD2014
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Advantages of RCS/MR for HI beam

1. Existing 3 GeV and 50 GeV synchrotrons
Hl injector and injection section in RCS are necessary

2. Large acceptance
(transverse e>486mmmxmrad, longitudinal Ap/p>1%)

= Multi-turn injection of high-intensity Hl beam

3. Proven performance for high-intensity proton beam
Current status of MR
* Slowly extracted proton beam at 30 GeV
2.5x1013/cycle (6s)—=1.3x10%4 (2017)
Well understood accelerator performance
Optics, lattice imperfections, acceleration, beam loss
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Possible accelerator schemes
at J-PARC
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Physics goals

Dileptons (dielectron and dimuon)

=)  PARCEL6 ptA

Systematic and high statistics hadron measurements

— Strange meson and baryons

— Event-by-event fluctuations (higher-order cumulants)
— HBT (YN, YY correlations in high baryon density)

— flow (EOS)
Rare particles

/— Hypernuclei
— Exotic hadrons

. A(1405)

» Dibaryon (H-dibaryon, QN, AA,...)
. ° Kaonic nucleus (Kpp,...)

~

J

— Charm
« J/y, D, charmed baryons

Photons
— Thermal photons from QGP

“ J-PARC t/K beams

78



Experimental requirements

* High rate capability
— Fast detectors
 Silicon trackers, GEM trackers, ...

— Extremely fast DAQ
e >=100kHz
* High granularity
— Pixel size < 3x3mm?
(at 1m from the target, 6<2deg, 10% occupancy)
* Large acceptance (~4m)

— Coverage for low beam energies (CBM<30°, beam
energy>=8AGeV/c)

— Maximum multiplicity for e-b-e fluctuations
— Backward physics (target fragment region)
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TOF (5m from target)

Preliminary setup EMCAL (e, ID)
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U+U at 10 AGeV (Preliminary)
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PID and momentum (Preliminary)

Momentum vs m? (with TOF)
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N,. in 1.5 MeV bin

Simulated di-electron spectrum
(preliminary)

103 E_.J'CO ......................... R S s ............. .......... Based on no spectra of IAM
— 1<y<2, 0 >15o 100.0 B events i [~ UL simulationy :
. o» ¢ i |-=- LS simulation| Other hadrons m_-scaled
— “ma- o : .
10" £ o eey b<1fm (0.25% centrality)
= ganl gl :
s n— eey Momentum resolution 2%
10° = p— ee | Electron efficiency 50%
=4 cees () ee

No detector response

1011 events
<100k events/s

x 1 month running

= rejection efficiency of close

€
isolation
opening angle Dalitz pair

Calculations by T. Gunji and T. Sakaguchi
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GEANT4 (Toroidal) setup

2 £ (JAEA)
RICH B4 : B. Kim (3K X, M1)
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Status of J-PARC HI Program

* Design of accelerators and experiments
— A conceptual design report (white paper).
— Collaboration with CBM
— Acceleration schemes with RCS and MR are being studied
— Simulation studies of the experiment are going on

e DetectorR&D

— J-PARC E16 (electron/hadron in p+A)
— J-PARC proton beams (10'° Hz)
— Starting in 2016

e Baseline data for A+A data
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