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Phases of QCD Matter

7
L. %4

7
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BES-II collider program at the Relativistic w oo

Heavy-lon Collider scans phase space of PR Quark-

QC[? matter lr{y colliding gold ions at 3l Gluon

varying energies. g Plasma
Q.

Seeking to map onset of deconfinement, §

and the predicted QCD critical point.

The BES-II collider program provided the
energies Vs, >=7.7 GeV and the BES-II FXT
program provided the ones below, down to
Vs, = 3 GeV.

>

Baryon Chemical Potential

Hg
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STAR-FXT Setup

Gold Target fixed at west
end of the detector

TPC Acceptance:
> n:[-2,0] (lab frame)

PID Acceptance:
> n:[-1.5,0] (lab frame)

Mid rapidity :

> n=-1.05(3.0GeV)
> n=-1.13(3.2GeV)

g‘ ? !; = ;
e

Fixed Target
z=21m

Yellow beam

https://lwww.star.bnl.gov
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Centrality Definition

K/
2\ X4

K/
%*

All primary charged particles
within TPC acceptance 10°

We use the correlation betwee £ 10°
the TPC and ToF to reject the

pileup events.

3.0 GeV

250 M

10°

=
3 10°

CUAwenusdyys-0

3 dn-ajid

1....I.E.

o

3.2 GeV

180 M
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Transverse Momentum Correlations

< Transverse momentum correlations have
been proposed as a measure of

thermalization and as a probe for the critical Cm =< Apt,i ] Apt,j >

point of quantum chromodynamics [1].

% Correlation measurements generally have
finer ‘resolution’ than fluctuation

measurements and can be looked at more < (pt,i_ < Pt >)(pt,j— < Pt >) >
differentially [2].

7

i #£J
< The correlator is the mean of covariances of
all pairs of particlesiandjinthe same event  [1]: ALICE, Phys. Part. Nuclei 51,2020

with respect to the mean. [2]: Pruneau CA. Data Analysis Techniques for
Physical Scientists. Cambridge University
Press; 2017. 6/17
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Transverse Momentum Correlations

< Dynamical fluctuations have < Apu, App >=

no contributions from r(py,ps)

statistical fluctuations. f dpy dp; <N(N-1)> Api Ape:
X Sta.tiStiC.al fluctuations are S. Gavin, Phys. Rev. Lett. 92, 162301

Poissonian.

7/
%

Two body correlation

function. » 7(p1,p2) = N(p1,p2) — N(p1)N(p2)
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Transverse Momentum Correlations

% Locally thermalized systems. (at all <p >R
t

energies?) — < Apt is Apt g o= F——— R
% F depends on the ratio of the

correlation length (;) to the R <N2>_<N>2_cN>

transverse size. — < N>2
% Risthescaled variance and depends

onN

part <Ap, ., Ap, .>
\/ Pt APt j . ( F(CT)R )1/2

% If matter is locally equilibrated in the <p;> - 1+ R

most central collisions,F(C,) is /

energy independent. S. Gavin, Phys. Rev. Lett. 92, 162301

CONST!!! 8/17
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Correlator Vs Collision energy

TTrra T T TTTTT I IIIIIII] 1 LI B |

A B i

g 0.016 7

O & : ]

% The correlation observable may v 00141 2

have a dependence on energy, so 0.012- 3

it with <<p_.>> i n = i

we scale it with <<p_>>. oot ++++ ; :

% Efficiency independent observable. 00001 i

0.006] =

. . . i e ALICE Pb-Pb, 0-5% I

% Make adirect comparison with the 0.004 = STAR AuAu, 05% -

CERES and ALICE. o002  GEREGPb-AU; 0B8% -

% Asignificant beam energy N T T R R
d d £ d for d . 10 10? 10°

ependence was found for dynamice (5o (GeV)

correlations.
ALICE, Eur. Phys. J. C 74, 2014
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Correlator Vs Collision energy

The correlation observable may have
a dependence on energy, so we scale
it with <<p_>>.

Efficiency independent observable.

! | 1Statistical error

Make a direct comparison with the : ;
I Systematic error

CERES and ALICE.

III|III|IIl|ll||III|III|IIlIIII

0-5%
o STAR Au+Au

° CERES Pb+Pb

= ALICE Pb+Pb

& UrQMD

¢ Boltzmann-Langevin
Lol R

S

o
—_—r
o

o l ~100
A significant beam energy S (GeV)
dependence was found for dynamical
correlations. STAR, Phys.Rev.C 99, 2019
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Correlator Vs Collision energy

Charged hadrons
% Wesee adeparture from 5 | Statistical Error
monotonicity 0 is:TAR PRELIMINARY | ‘SyeiamaticiEmor
o 0-5 % Centrality
% Changein correlation length CT ? o ®
/ . X 1 — . . . . p—
%  Temperature fluctuations should be o7 P -
reflected in p; fluctuations. < &b o” T T D L
2‘ % - STAR Au+Au FXT (-0.5<n__<0.5)
é oF & -§- STAR Au+Au (Published) (-0.5 <n<0.5) ]
< p > T <L UrQMD 0-5%
T ‘ eff 4 UrQMD 0-10%
3 10 30 50 100

. . ) Collision Energy s, (GeV)
eff = Lhin T M < Br > Sumit Basu et. al., Phys.Rev.C 94, 2016
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Correlator Vs Collision energy

Charged hadrons .
tatistical Error
% F(C,) and R to be constant sl I . -
T . . 8 ﬁ\ R Systematic Error
as a function of collision N PREHMINARY 0-5 % Centrality
energy. > S .
X 1F o .
+  F(5,)=0046 o ®
< R=0.0037 (Central Au+tAu |5 % - STAR AusAu FXT (0.5 <n_ <0.5)
at 200 GeV) =~ O < 4 STAR Au+Au (Published) (-0.5 <1 <0.5) ]
L UrQMD 0-5%
< UrQMD 0-10%

S. Gavin, Phys. Rev. Lett. 92, 162301 3 10 30 50 100

Collision Energy Vs, (GeV)

(M)l/2 — constant (- = =)

1+ R 12/17
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Correlator Vs Collision energy

% CERES in agreement Charged hadrons I
. Statistical Error
Wlth STAR' o 2 B Systematic Error ]
g\\ ﬁm PRELIMINARY 0-5 % Centrality
% Boltzmann- o * | I
o« e . el } G ®
Langevm |m.pI|es < 1f P bdes® ® 0 :
thermalization. o oo o o @ @
Q'::“ - ALICE Pb-Pb
9, < -@- STAR Au+Au FXT (-0.5<n_ <0.5)
ke ALlCE |OW€F than e OF = -§- STAR Au+Au (Published) (-0.5 <1 <0.5) —|
STA R, due to = CERES Pb+Pb
different N —— Boltzmann-Langevin
part -Z- UrQMD
3 10 30 50 100 2000
Collision Energy \'s,, (GeV)
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Correlator Vs Centrality

Monotonic increase in
decreasing centrality.

UrQMD underpredicts the
data.

UrQMD Acceptance:

> 1:[-0.5,0.5] (Collider
mode)

> pT:[O.2,2.O] GeV/c

> All charged particles

\<Ap, AP (P ))%

10

-
T

3.0 GeV Au+Au Collisions
——
.....
.
s L
Y
<
;_{P_‘
L _|
+ STAR -
iS\\.I\-—AR PRELIMINARY
% UrQMD Statistical Error included
60 100 200 300 400
<Nga>
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Correlator Vs Centrality

Y/
L. %4

D

*

0

Power law seems to describe the
data at 200 GeV, implying an
independent sources scenario.

We see significant departure from
this power law dependence at the
lower energies.

UrQMD tends to underpredict the
data at all energies.

Nom

<<pp>>

Power Law:

({p)) (%)

1D 7.7 GeV 11.5 GeV 14.5 GeV
. [ ]
N
1_ a ) 8 o !,Eg . o ;:: L
e Data T
o UrQMD

I Statistical error
I Systematic error

OC< Npart >b
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STAR, Phys.Rev.C 99, 2019
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Correlator Vs Centrality

Power law implies uncorrelated
sources (b=-0.5).

STAR data from 200 GeV Au+Au
collision shows minimal deviation.

Deviation increases as we go down
the collision energy

Deviation holds at STAR 3.0 GeV
Au+Au collisions as well.

|<Ap, AP, (P ))%

10

—

107"

T T T TT17T

| CHarQed H'adr'olns

e

——
‘..‘._\.

. P o

® P I
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. 9. °

® .‘“0.__.“ : 1

® ":o
- o o
L —§- STARAu+Au 3.0 GeV ]
| - STAR Au+Au 200 GeV ﬁsi AREEELIWSARY * ]
" -¢- STAR Au+Au 7.7 GeV 7
- - ALICE Pb+Pb 2.76 TeV ®
- -. Power Law Statistical Error Included
1 L L 1 1 L | 1 L
20 50 100 200 300
<Npar™>
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Conclusions

. (I:harged hadrons '
< First measurement of Ap_-Ap. L | statistical Error 1
H H Systematic Error
correlators at high baryon density 2 Ao oo Gontratty
region = ) *
a ®
> @
. X 1F oo ¢ ° -
> Ap_-Ap. show a hon-monotonic = it
Il o IR T v
behaviour. < ° &
3 % -9 STAR Au+Au FXT (0.5 <1 <0.5)
> Possibility of correlationlength = °[ 4 STAR AurAu (Published) (05 <11<0.5) ]
changing in between ? 1 UOMDI0-57%
. < UrQMD 0-10% .
: 3 10 30 50 100
% We need to delve deeper into the

. . Collision Energy \s,, (GeV)
disparity observed between UrQMD (5w

and experimental data at Fixed-Target

(FXT) energies.
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Outlook

BES-II FXT energies
are crucial to
understand.

Account for
detector acceptance
effects.

Look into higher
order moments.

Thermal model
predictions.

I Statistical Error
Systematic Error

0-5 % Centrality

- STAR Au+Au FXT (-0.5<1__<0.5)
-§- STAR Au+Au (Published) (-0.5 <n < 0.5)

Charged hadrons
2 —
32 *
-~ STAR PRELIMINARY
AI—
o
~N~
X_ 1 o ® ® i
Q:J
< T P TP
Q;:r
<
= of
£ UrQMD 0-5%
£~ UrQMD 0-10%

Lt

10 30 50 100

Collision Energy \s,, (GeV)
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Acceptance dependence

2 : : ' ' correlator
Charged hadrons at |s,, = 3.0 GeV Au+Au Collisions
* 15 - 1.2¢
N ¢ o STAR PRELIMINARY M.A. Stephanov, Phys.Rev. D65
o ° 1f (2002) 096008
;\:\ 1F [ ] 0.8
S osk . 0.6
Q.: ' _& O, H
& @ 0-5 % Centrality 0.4l
or i
I Statistical Error 0.2¢
. , — y
— L 1 1 L 1 2 4
U 0.5 1 1.5 2 2
An

K/

% The effect of primordial protons bring the correlator
down for the whole acceptance.

K/

% Closer to mid-rapidity where majority of the particle
production takes place the value saturates.
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Closure Test

Y/
L X4

Y/
L X4

Y/
L X4

Y/
L X4

The relative uncertainties w/Cm/<<pT>> on are
generally smaller than those on C_ because most
of the sources of uncertainties lead to correlated
variations of <<p_>>and C_ that tend to cancelin
the ratio.

Closure test was performed with UrQMD data, by
incorporating 3.0 GeV efficiency curves.

We see closure within the statistical error bars.

No efficiency correction was employed on STAR
Data.

\<Ap, AP, K(p))%

\<Ap, AR (P IIVSN,_

Au + Au \j S\ =3 GeV;

a-
. CM frame:- n :[-0.5,0.5] , p,: [0.2,2.0] GeV/c

N UrQMD

_ ‘ +Rec

- ¢ ¢

100 150 200 250 300 350 400

<Npan>
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Cumulants from moments

(Ap1iApT,j) =

Zj,:z“ (pri— ({pr)))(Pr,; — {{PT)))
< Nch(Nch - 1) >

~(wiazn). (%) @
—<Nch(Nch_1) ev Nch ev, ()

cv

Nch (Nch - 1)(Nch - 2)

Q?_3Q2Q1+2Q3 > _3< Q%_Q2 > <&> 2<Q1> ;
<NCh(NCh_1)(Nch_2) ev Nch(Nch_l) ey Nch i3 Nch ) ()

Nch
n
On =) Pl;-
i=1

ljk (pri — ({pT)))(P1,; — {{PT))) (P& — {{PT)))
(Ap1iApT jApPTK) =< izk >
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Correlator Vs Collision energy

ne Charged hadrons N
40-50 % Centrality (An =1.0)
X " -@- STAR Au+Au (FXT)
= o TAR Au+Au (Publish
A}— & ﬁT\RPRELIMINARY +S u+Au (Published)
z 3 < uraMD _
X
a” 97 o ® ® - &
< ¢ ®o
Q:-a"
SR 5
— o B
{F [%3 iy P Statistical Error
1 1 L L 1 a1 1 1 L L 1 gl
10 102

Collision Energy |s,, (GeV)
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UrQMD with asymmetric Acceptance

oo TO ve rlfy th e U rQM D Ap-Ap_ Correlator for charged hadrons at |/s,, = 11.5 GeV

4 ————————1-———r———
calculations, the
analysis was carried 3l @ UurQMD .
I X Published
out at a published ; O
energy. 9_" 21 ? +-1:10.,1] =
\4 ®
: 5] 11 ® o -
< The analysis was also © o o
done with an oL i
asymmetric . . . . . .
acceptance Ofn : [0,1] 0 50 100 150N 2000 250 300 350

part
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Auto Correlation Studies

0.045 ; ; : , : : . 0.050

0.040¢ 1 0.045f

2 2]
o+ HH

0.040¢

- ¢ refMult
$ refMult2

0.035f

= 0.030} %

: 19.6 GeV

0.025f

=~ 0.020¢}

i 0.015¢

0.005 ; : : ‘ : ' : 0.010

¢ refMult
¥ refMult2

62.4 GeV

50 100 150 200 250 300 350 5IO 160
part

https://groups.nscl.msu.edu/nscl_library/Thesis/Novak,%20John.pdf
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chem

ot
T I | I |
O LHC
e RHIC/SPS/AGS
A RHIC/SPS/AGS/SIS
4 HADES (p+Nb)
200 s HADES (Ar+KCl)
S # A HADES (Ag+Aqg)
) HADES (Au+A
2 _ﬁ_g A (Au+Au)
; *
2 74 MeV |
— 100~ Ll#
O A. Andronic et al. %
@ A. Andronic etal.
A J. Cleymans et al.
1 | | | |
Cb 200 400 600 800 1000
Hg MeV]

Nature Phys. 15 (2019) 10, 1040-1045
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Contributions to temperature fluctuations

AMPT AutAu 0-10% centrality

4 4

2 el ool - @ O'T (><10) O O'T (><10)
Tess ™ “Tuin © "H07(BTY & | = mjc; 2(><104) O 2mOC0V(x104)
A n(SM AMPT)A n (D-AMPT)
<} ZmOCov (Tkina (,BT>2)

Variance and
O
W
I
")

(Sx (GeV)
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Phys.Rev.C 106 (2022) 1, 014910
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Proton Multiplicity fluctuations

4 [ T I I LI | [ I LI | I T ]
. Central Au + Au Collisions _
3¢ % STAR (0 - 5%) —
N[ ;Ag @ net-proton -
Q 2 —§§ \‘/{ O proton —]
Oﬂ' | £2 ;, (lyl<0.5, 0.4 <p (GeVic) <2.0)
o 1-}— g

= [ LT L -
o e N M4 i

— — GCE
B u o HRG: - e CE .
-1 (05<y<0) net-proton_|
(0.4 < pT(GeV/c) <2.0) BE x  proton o
| | | | 1 1 11 | | 1 1 1| |

2 5
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