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Exploring the rich QGP world

* We found QGP, but is it THE QGP?—2> No! QGP world is broad.

® Critical point should be on one of the paths.
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Compact Stars

N

* At LHC: hotter (and more free gas like) and smaller QGP

* At RHIC: lower energy density, and higher baryon density QGP

Net baryon density n/ ng

Ny=0.16 fm™3
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How can we explore? BRAHMS, PRLS0, 102301 (2003)
® Change energy and system Hy,(MeV)=20 50 100
® Dialing the temperature and the baryon ot b A ]
density of the system o R o4t i - - . |
L - o - ISR 1
o | L o ) ) aIs .
® Change rapidity(-gap) of observable(s) 5 .l ¥ . : 1
1. . . . . It . ]
° Dlahng density and production time ® =iy = u -
| & KK iy ]
. . . | p) i
® RHIC can widely access in baryon density 0.0l= il NN N .
0 1 2 3 4
and temperature, compared to LHC. y
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Dataset collected by PHENIX
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See details at http://www.rhichome.bnl.gov/RHIC/Runs/
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Photons in energy and system dialing
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* Photon excess over hadron decay photons (1, 1, etc) are observed in
Au+Au and Cu+Cu collisions at 200GeV.
® AutAu: External conversion photons, Cu+Cu: Internal conversion photons
Aut+Au 200GeV CutCu 200GeV
101 [ PHENIX; PRC91,0649O4 (2015) 1 g T [rrrryrrrrprrrrprrort
Inverse slopes: : PP AT : CurCu 7+ X, |y|<0.35 ]
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Photon spectra in 62 and 39GeV Au+Au

® Photon excesses are also observed in AutAu at 62 and 39GeV.

® Both are from external photon conversion.

* Inverse Slopes:
® 211 £ 24 (stat) = 44 (syst) for 62.4GeV (min. bias)
® 177 £ 31 (stat) £ 68 (syst) for 39GeV (min. bias)

& &
= e N AutAu - v+ X, |y|<0.35 — E N AutAu— v+ X, |y|<0.35
S PH ENIX DA g 10g PHZENIX ‘
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o 0 -
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® Inverse slopes as a function of collision energies

T ¢ vs. collision energy
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Inverse slopes from 2760 to 39GeV

* At 200GeV, the slopes are consistent within errors for Au+Au and Cu+Cu.

—Fit range P, € [0.5 GeV, 2.0 GeV]

200 —PHENIX ysy, = 39 GeV, 0-86% +
+ = +31+
150 FRU+AU Ty =177 + 31+ 68 MeVic

‘E -
o 400 — _ o
= — PHENIX {'sy, = 200 GeV, 0-94%
= — Fit range P, € [1.0 GeV, 5.0 GeV]
— 350 — Cu+Cu T, =288 + 49 + 50 MeV/c
300 P_HENIX \Syn = 62.4 GeV, 0-86%
— Fit range P, [0.5 GeV, 2.0 GeV]
— Au+Au T = 211+ 24 + 44 MeV/c
250 —

ALICE ys,, = 2760 GeV, 0-20%
Fit range (S [0.9 GeV, 2.1 GeV]
Pb+Pb T =297 £ 12 + 41 MeVic
Phys. Lett. B 754, 235 (2016)

¢

PHENIX ys,, = 200 GeV,
Fit range P,€ [0.6 GeV, 2

AutAu T, =242+ 28+ 7 MeVic

Phys. Rev. C 91, 064904

2760 GeV Pb+Pb: y

0-92%
.0GeV]

(2015)

subtracted
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100 :_ N 200 GeV Au+Au:y p:;: subtracted
— PH %E NIX 200 GeV Cu+Cu: yzmmpt subtracted
50— p re| imina ry 62.4 GeV AutAu: 7 prompt unsubtracted
— 39 GeV Au+Au: 7/pmmpt unsubtracted
-I' 1 1 IIIIIII 1 1 IIIIIII 1 IIIIIII 1 1 IIIIIII
1 10 107 10° 10
Vs [GeV]
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Photon dN/dy vs N,

* dN/dy for direct
photons for p>1GeV/c
as a function of NPart are
calculated for:

e 200, 62.4 and 39GeV
Aut+Au

e 200GeV Cut+Cu

® Surprisingly, they are all
on the same power-law
function.
* dN/dy = AXNparta
e 00.=1.35%£0.09

e dN/ dy increase faster
than that of N

part ‘
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° dN/dy for ¥ for
pr~1GeV/casa function
of Npart are calculated for:

® 200 and 62.4GeV AutAu
e 200GeV Cut+Cu

e dN/ dy for 1° also increase

faster than that of Npart.

* Exponent is smaller
than direct photons
(a=1.35).

® Photon excesses (y/m") for
Au+Au increase as

NNpart0.18 (=1.35-1.17)

® More photons from
partonic phase?

@ T. Sakaguchi, RHIC/AGS meeting

cf. t® dN/dy vs N

dN™/dy
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0 —6&— Cu+Cu 200GeV, PRL 101, 162301 (2008)
e T dN/dy
— —@— Au+Au 200GeV, PRL 101, 232301 (2008)
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Energy (momentum) loss systematics
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® Nuclear Modification Factor (R, ) d°N
® (Yield in A+A collision)/(Yield in p+p collision X N__ ) 5 dp® /..
® R,, =1: No nuclear eftect " Neoll (d’c
® R,, <I: Suppression due to energy loss, etc. oy \dp® .
PP AutAu

7 and 1, PHENIX, PRC82, 011902(R) (2010)

> 1.2~ O z° PRL 101, 232301(2008)
o e
s T |
o L Au+Au Minimum Bias \js,, = 200 GeV
(o]
s 0.8 PHENIX
o - L |
c'l:: 0.6_

0.4 _ 5 + i +
- DDDD E
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Cl L e b b b L L ]
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P (GeVlc)

@ T. Sakaguchi, RHIC/AGS meeting 6/20/2017 /




/ Aanua Users Meetng ’, /:_
Fractional momentum loss of hadrons

® Yield suppression is the consequence of (a) 0-5% 0
the momentum shift of the hadrons.
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B PHENIX®? Au+Au 200GeV

< O ALICE h*" Pb+Pb 2.76TeV
. . If 'PLB 696, 30 (2011)
® Fractional momentum loss (S, ) is TS %
. : & e o o—oR T T
calculated using spectra in Aut+Au and L o B
N, scaled p+p spectra. Ly UUSUEEEEE 1.Gl —
— AA
Sloss T (prp_pT )/prp Pr (GeVic)
PHENIX, PRC87, 034911 (2013)
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Fractional momentum loss of hadrons

* Plotted S, for various
collision systems as a
function of N N

part> “qp
(number of quark
participants), dN , /dn
and Ep;To-
e Pb+Pb 2.76TeV
® Aut+Au 200 GeV

® CutCu 200 GeV

* pP=12GeV/c

e Hard scattering regime

* Found the S_
with dN/dmn.

@ T. Sakaguchi, RHIC/AGS meeting
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7t¥ and At/ PHENIX, PRC93, 024911 (2016)
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Fractional momentum loss of hadrons

* Plotted S, for 62GeV Au+Au and Cu+Cuy, too.

PHENIX, PRC93, 024911 (2016)

1 = (a) Ocu+rcu200Gev,x® (£ (b) & Pb+Pb 2.76TeV, K"
5p #pﬁp @ pip — 5Geyjc . PRL101, 162301 [F ¢ o T/prT)p @ pip — 6GeV/c PLB 720, 52
o = »
e | o ‘ Ny
& ! ¢ - ®
o OOQ $$ 7% and ht/-
© 107 i el . i
_ O _} C
m = =
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Fractional momentum loss of hadrons

* Plotted S, for 62GeV Au+Au and Cu+Cuy, too.
® They tend to merge into 2.76TeV and 200GeV points at highest AN, /dn.

* If we trigger ultra-central events at 62GeV (0-1%?), the system is

as hot as 2.76TeV?
PHENIX, PRC93, 024911 (2016)
1 E_ (a) [JCu+Cu 200GeV,x° E_ (b) @ Pb+Pb 2.76TeV, K"
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o © ® » g$ 7% and AT/
7o) 10'1 — * -
1l E q O! % ‘0+ E i
$ - O -
2 [ $‘¥} #Au+Au624GeV, 0 I O L @ AurAu 200GeV, n°
n i o PRL109, 152301 || gl PRC 87, 034911
i I;L LCu+Cu 62GeV, ° i . OAu+Au 200GeV, °
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Critical Point search via HBT correlation
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Levy source dist. instead of Gauss”?

® Gauss function has been used to determine the
source size in HBT correlation function.

e For describing the expanding system with
anomalous diffusion, Levy distribution is
suggested as source function.

1 o a1 /
Lia, R, r) = (QW)S/duqezqie Lgr/

—Co(g)=1+X-¢

()

o.=2: Gaussian (hydro limit)

o=1: exponential

® Critical exponent (1) in 3D Ising model can
be associated with the exponent o.
* N~0.5 for random field 3D Ising
PLB52(1995)6659
e Finite size effect is not taken into account.

@ T. Sakaguchi, RHIC/AGS meeting
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Width ~ 1/R
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1.5
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1.3

-
—

(data-fit)/error
AONLOLNWE A

1.2F

Levy-stable fit to correlation functions

Fit to the correlation function with Levy—stable source function

® Coulomb effect is estimated and corrected for in the fitting process.

Shape change of the correlation function depends on the A, o and R.

i MinBias Au+Au @ |s,, = 200 GeV, t*r*, P, = 0.2-0.22 GeV/c
- A=0.72£0.02 —+— Raw corr. function
u R =8.74 fm £ 0.24 fm
:j o=1.16+0.03 —|— Raw corr. x Coulomb factor
n € =-0.102 + 0.005
- N=1.0095+00005 ~  Coulomb factor
- X?*/NDF = 93/97 _ Cf:\',‘;(k,ﬂ,a;lkl) x N(1+¢|k|)
- conf. level = 0.5909
— — Cﬂew(k,R,(x;lkl) x N(1+€[k])
i - = == N(1+elk)
| }
| C:’_evy=(1 +A- exp(-(2: R- k[)”)) x N(1+¢|k|)
ZIL B
E PH ENIX
preliminary
- -
Lo e 4w e g U s 4w ow Vo e e 8o 6oy 1w g 05
: " L 1 L L : 1 L " " 1 L " L 1 " L " 1 " L L 1 " " 1
0 0.02 0.04 0.06 0.08 0.1

(-

014
|k| [GeV/c]
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Search for Critical behavior
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® o in Levy tunction tit for 200GeV as a function of m and centrality

® (OLis averaged over the m.- ranges.

* All the o fall in between 1 and 1.5 independent of centrality.
® o<1 can be CP, 1.0 is exponential, and 2.0 is Gaussian (hydro limit).

@ T. Sakaguchi, RHIC/AGS meeting

S, PHENIX Au+Au |sy, = 200 GeV
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Search for Critical behavior

® 0o in Levy function fit for 62 and 39GeV as a function of m+. and centrality

e All the o still fall in between 1 and ~1.5.
e No critical behavior is seen in 200, 62 and 39GeV..
® Now investigating lower energy data (\/SNN< 39GeV)

2 2
© "L PHENIX Au+Au (Syy = 62 GeV, mw+u'n” | S “F PHENIX Au+Au sy = 39 GeV, mm+r'm*
- * 0-10% —r s —
1.8— o PH: -ENIX T 1.8— ¢ 0-20% PH-ENIX
-7 ;g::gf preliminary B preliminary
| m % -
1.6~ 4 30-40% # | 16/ " 20-0%
1.4 i i 1.4 + i
SRR : !
1.2~ 1.2 + %
C ? N

1 1 | | 1 | 1 1 | 1 ‘ 1 | | | | | 1 1 1 1 1 | 1 1 | | 1 | 1 1 | 1 | 1 | | | | | 1 1 1 1 | | |
4| rel. syst. uncertainties

3 0 = 0. rel. syst. uncertainties
\8 0 — — — B 0 J—
© -0.1_1 | | 1 | 1 1 L 1 ‘ Il | | | | | 1 I‘T“‘I—_—I_-_;—‘I | | © -0.1_l L | 1 | 1 L 1 | L | L | | | L 1 L | 1 L | | |
0.2 0.3 0.4 0.5 0.6 O.Z 0.2 0.3 0.4 0.5 0.6 O.E
m+ [GeV/c?] m+ [GeV/c?]
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Longitudinal dynamics of the system

@ T. Sakaguchi, RHIC/AGS meeting 6/20/2017 /




/

Asymrnetric participant:

Npart(n) e Npart(_n)

Event plane

de-correlation

Longitudinal development of eventp
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Event plane

twist

F B
(a) Npart ;thm

n direction

Event-by-Event Multiplicity
Fluctuations along n.

Slide from S. Mohapatra at QM17

F B
(b) & #&,

EbE Flow fluctuations, in magnitude and direction

along n.

n direction

n direction

T. Sakaguchi, RHIC/AGS meeting
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De-correlation/twist measured by AS

Plots from S. Mohapatra at QM17

Correlator sensitive to both eventplane

twist and magnitu de de-correlation Correlator sensitive only to eventplane twist

(qg(—n)q#{ (nref)) R _ (Qn (_nref)QH (—ﬂ)q;H‘T])q:l (nref))

rnlnikz c * ’ I n- * *
<Q7{1(+77)an (n?"l?f)) e (Qn (_nref)CIn (—I—T])CIn(—n)Qn (nref))
T TTT I rrrT I LI I LELELEL I T 1T LI I LI I LI I LI | I LI
a_ . ATLAS Preliminary . o | ATLAS Preliminary
—_— o
S | RS P i g s
L
"8 | R |
, N O . : 8 -
i B . _ O
g ° B
L . -
095F- Pb+Pb 30-40% 7 095 Pb+Pb 30-40% © 4
[ [@ 276Tev | B 27eTev |
. B 502Tev | . [B so2Tev | n=2case
Ll 11 I Ll L1 I L L L | I L L 1 I - | BRI | I IR | I [ | I L L1 I [ |
O 05 1 15 2 E 0O 05 1 15 2 |
n M

® More de-correlation/twist is seen in lower energy.
e RHIC would see more drastic effect?
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PHENIX observation of eccentricity vs n
* We observed that the v, /&, scales with 0.4
dN,/dn at mid—rapidity. b @ AutAu PHENIX PRC 92 034913 ]
® dN_ /dn is a measure of energy density. [ @ CutAu PHENIX PRC 94.054910 |
0-3__ /A Cu+Cu PHENIX PRC 92 034913 |
e How ab?ut the ﬂow at. for(back)ward? &): 0 2i - .ﬁ:ﬁﬁ_
® Does it scale with which AN /dn and > i % 7
which eccentricity? i ]
O _ 1_ Charged hadron_|
I Il<0.35, O<p_<3 Gewc'
® CutAu collisions can produce different ;fr'é'nﬁﬁrw)é 15,,=200 GeV
eccentricity and energy density (‘b 200 400 600
(ielj)::ndlr;% ?)n rapidity. Nlocal Join ( OCNpart)
good la to test
Asymmetric initial geometry Boost invariance initial geometry
u Cu Au Cu
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dN.,/dn vs n in Cu+Au

* We have measured dN_ /dn as a tunction of 1 in Au+Au, Cu+Cu and

Cu+Au collisions.
e Up to 60% centrality. Shown are up to 40%

® Cu-going direction (positive 1) has lower dN ; /dn in CutAu collisions.

dNgy/dn
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sy o

% nopuﬁ?mu
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* For given centralities (cN

Eccentricity calculations

part

calculated using a Glauber MC.

o
Sn,Au’ 8n, Cuw 8n, CutAu

<rn COS[n(¢Au(Cu) - q)n,Cu+Au)]>

), three types of eccentricities were
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V, at mid and for(back)ward rapidity
* v, (dN/dn) at Au-going # v, (dN/dn) at Cu-going

o dN_le<l/dn: AN, /dn at the rapidity of measurement
® A measure of the energy density at the given rapidity
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V; at mid and for(back)ward rapidity

* v, (dN/dn) at Au-going # v, (dN/dn) at Cu-going

o dN_le<l/dn: AN, /dn at the rapidity of measurement
® A measure of the energy density at the given rapidity
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® Individual eccentricity case

® v, /€, (Au-going): v /€
® v /€, (Cu-going): v /€

n, Au

n, Cu

® Forward and backward v_/&_don’t scale with AN lo<al/dn.

e Cu+AuAu-goinge, Au-going = €2.Au
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Testing eccentricity scaling (1)
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Initial eccentricity
Asymmetric
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Testing eccentricity scaling (ll)
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Common eccentricity case
® v /€, (Au-going): v / €, CutAu
® v./€, (Cu-going): vn/Sn’ CutAu

Initial eccentricity
Symmetric

Au

-(

Cu

)-

* Forward and backward v_/€&_scale with AN !ol/dn.
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Decorrelation not seen at RHIC?

Initial eccentricity
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e Cu+AuAu-goingef .o =€sn,
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e [|nitial geometry is common over rapidity.

® No de-correlation of eccentricity is observed. Contradictory to LHC results?
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Summary

* At RHIC, we can explore lower energy, and higher baryon density QGP.

® Direct photons were measured in 200, 62.4 and 39GeV Au+Au and

200GeV Cu+Cu collisions.
* dN/dn for photons scales with Npart1'35, while dN/dn for ©%is ocN__ 117,

part

® Fractional momentum loss of leading hadrons scales nicely with dN ; /dn
over wide range of energies.

® Levy-inspired function was applied to HBT correlations.
® No critical behavior was found in 200, 62.4 and 39GeV Au+Au collisions.

* Flow at for(back)ward rapidity in Cu+tAu collisions scales with common
eccentricity and local energy density.

® No de-correlation of eccentricity was observed.
° Contradictory to the LHC observations?
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Comparing with dilepton result

x"0.18

= = r T ' 1 1 1 |
(ﬁ =
X S — 2 7]
%) - Au+Au \s =200 GeV  0.3<m,<0.76 GeV/c
S8 [ I
© 4 " data | -
©  F | . i
O i cocktail uncertainty :

3 -

PHENIX -
@ | | S E I BN TN A T B TEN N TR | TN THN S THEN A THEN AN THENTH | BENEN TRRNEN T
9 50 11% 150 2:(9@ 250 3:8@ 350

T. Sakaguchi, RHIC/AGS meeting

part

[NATIONAL LABORATOR

6/20/2017 _/




