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The phase-diagram of QGP

» Early stages of the Universe? High energy heavy-ion callisions!
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The phase-diagram of QGP

» Early stages of the Universe? High energy heavy-ion collisions!
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» One of the most important
still open questions:
Is there a critical point,
and if there is, where?

» How can we look for a
critical point?

4

» Beam Energy Scan!
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Summary

The PHENIX experiment and the RHIC BES
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» Au+Au collision energies: 200 GeV - 7.7 GeV

> up =23.5MeV -422 MeV, T = 166 MeV - 139 MeV

» How can we gain information about the Quark-Gluon Plasma?
Colliding nuclei —+ QGP — hadronization — detecting the particles —
correlations/distributions of particles — information about the initial stage
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The HBT-effect

» R. Hanbury Brown, R. Q. Twiss - observing Sirius with radio telescopes

> Intensity correlations as a func. of det. distance: C(A) = {472k
» They could measure the size of point-like sources!

» Correlation <= Fourier-transform of S(r) source distribution
Clg) = 1+|S@P, S = /S(T)ei’”

Source Correlation

L . A
detector distance

» High energy physics: momentum correlations of pions
» We can map out the particle-emitting source on the femtometer scale!
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Lévy femtoscopy and the search for the CEP
» The assumed shape of the source distribution is usually Gaussian

» Generalization of Gaussian - Lévy distribution
» Anomalous diffusion
» Gen. Central Limit Th. } plodios

» o =2 Gaussian, a = 1 Cauchy

1 : o

Anomalous
diffusion
(Lévy flight)
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Lévy femtoscopy and the search for the CEP
» The assumed shape of the source distribution is usually Gaussian

» Generalization of Gaussian - Lévy distribution
» Anomalous diffusion
» Gen. Central Limit Th. } plodios

» o =2 Gaussian, a = 1 Cauchy

1 : o

v

Critical behavior — described by critical exponents

» At the crit. point the spatial corr. o r—(d=2+n) i
» In case of Lévy source — spatial corr. oc 71— } e
» QCD universality class « (random field) 3D Ising
» n<0.5
» The shape of the corr. func. with Lévy source: Anomalous
B e (R (A SIS (Lgxuiflligrr‘\t)

o = 1 : Exponential
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PHENIX Lévy HBT analysis - overview (arXiv:1709.05649)

» Data set: Run-10, /s~n~=200 GeV Au+Au, ~ 7 - 10° evts., identified pions

» Some details of the analysis:

» Measurements of 1D 7¥#+

corr. func. as a function of mr
> 31 mqr bins, mr = (0.24 — 0.85) GeV/c?, 0-30% centrality
» |nvestigation of systematic uncertainties

» One- and two-particle criteria (PID, matching, pair cuts)
» Other sources of syst. uncertainties (e.g. fit stability)

» Fitting the measured corr. func. with Lévy shape
» Coulomb effect incorporated in the fit function
» Investigation of the source parameters (A(mr), a(mz), R(mz))

» Publication from the first results already on arXiv (nucl-ex 1709.05649)
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Example correlation function

' O PHENIX 0-30% Au+AU @ |50y = 200 GeV, T T, m,_ = 0.331-0.349 GeV/c
L =0.81+0.04 —+— Raw corr. function
R=7.71 fm£0.27 fm
o= 1.04+0.03 —}— Raw corr.x Coulomb factor
= €£=-0.0294£0.0017 ....... Coulomb factor
o =1.0072+0. o
130 T GAKOXNx (12 Q) » 7-7~ corr. func.,
— ‘x = — -
Ely conf. level = 63.8% -~~~ Cy(LR;Q)x Nx (14¢ Q) mr = (0.33-0.35)GeV/e
12 - Nx(14Q) » Fitted function:
; 1:_ CP=1+41 exp(-R* Q%) HBT-correlation ®
E | Coulomb interaction ®
| R linear background
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Example correlation function

ON 1.6 - PHENIX 0-30% Au+Au @ ﬁ =200 GeV, T T, m = 0.331-0.349 GeV/c
A =0.81+0.04 —+— Raw corr. function
R=7.71 fm+0.27 fm
o= 1.04+0.03 —}— Raw corr.x Coulomb factor
£=-0.0294+0.0017 ....... Coulomb factor
=1. + 0. T
NelOOTZEOMGE o et | > T COIT. fUnc.,
X = i o
conf. level = 63.8% - CO(Ra:Q)x Nx (146 Q) mr = (0.33-0.35)GeV/c
So - Nx(14£Q) » Fitted function:
CP=1+41 exp(-R* Q%) HBT-correlation ®
Coulomb interaction ®
linear background
1
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o 2=
g o
g 2
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Lévy exponent a

» Hydrodynamics — a = 2

. 2
> Measured value: 5 *FPHENIX 0-30% AU+AU |Sy, = 200 GeV
a =~ 1.2 1.8F-0o=1207 , x?/ NDF = 208/61, CL<0.1% B
: e TITT

» Measured value far from o Tt
Gaussian (o = 2) and
exp. (a@=1) 14
» Also far from rfd.3D Ising 12
CEP value (« = 0.5)

» More or less constant

1.6
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energies m; [GeV/c?]

aVs. /s — CEP?
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Lévy scale parameter R
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» Similar decreasing trend as Gaussian radii
» Hydro calculations for Gaussian radii — 1/R? ~ myp
» In case of low my, the linear scaling of 1/R? holds
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Correlation strength A
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Results

Summary

v

Core-Halo model: S = S¢ + Su

v

Primordial pions - Core < 10 fm

» Resonance pions - Halo

Algl = a1

> A= (Ng/(Nc + Ngu))*

J. Bolz et al, Phys.Rev. D47 (1993) 3860-3870
T. Csdrgd et al, ZPhys. C71 (1996) 491-497

>

» Decrease at small m:
increase of halo fraction

» Different effects can cause this:
» Resonance effects
» Partial coherence
» Random fields

» Precise measurement is important

Lévy-HBT correlations 9/12
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Correlation strength A

S(r) 2 cla) COre Sacsts

:> @ T » Core-Halo model: S = Sc + Sk

v

unresolvable

v

Primordial pions - Core < 10 fm

» Resonance pions - Halo
PoEl(g)f——erd

q—0

3 F PHENIX 0-30% Au+Au \'s., =200 GeV
< U ’ Vo > A= (Nc¢/(Ne + Nn))®
< o mw J. Bolz et al, Phys.Rev. D47 (1993) 3860-3870
TP A= . T. Cs6rgd et al, ZPhys. C71 (1996) 491-497
st g » Decrease at small m:

08 _ increase of halo fraction

» Different effects can cause this:
» Resonance effects:

PRL105,182301(2010),
PRC83,054903(2011),

04— B resonance model: . M*=530 MeV, B;1=55 MeV
L ; Kaneta and Xu -..= M *=250 MeV, 3'1:55 MeV i _ . b
02f 7 heossoneanPesy,  — 1 Hewkmimiea | » Indirect method for investigating the
F 0=(0.30+0.01(stat) g 55 (syst)) GeVIc’, *INDF=83/60, CL=2.7% in-medium mass modification of 7’
Ol b b b b Lo Ly o |
0 0.2 0.5 0.6 0.7 0.8 0.9
m; [GeV/c?
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Newly found scaling parameter R

£ L EPHENK 0 30% AumAY = 200 oV
i e — 0.6
o £ + -309 =
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T 04—
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b C Charge averaged fit:
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1 TR Pl k
» R!linearin mr
ittt » Physical inferpretation — open question
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Introduction

Results

Future plans
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Summary

>

Data set: Run-10 200 GeV Au+Au, 0-30% cent., identified pions
precise measurement of Lévy source parameters (R, \, )

> At200GeV. 1< a< 2
» Hydro prediction (a = 2) is not fulfiled, but 1/R? ~ mr approximately holds
» Decrease of A at small mr — increase of resonance fraction

v

Empirically found scaling parameter: R = R/(A(1 + ), B~! linear in mp
The showed results are in the process of publication (arXiv:1709.05649)

v

v

v

Current work: investigation of energy/centrality dependence

Thank you for your attention!

% Supported by the UNKP new national excellence program of the Hungarian Ministry of Human Capacities as well as the

» following grants: NKTIH FK 123842, FK 123959, EFOP 3.1.6-16-2016-00001
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Summary

BACKUP SLIDES
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Intfroduction 1o Bose-Einstein correlations

Ni(p), N2(p) - invariant momentum distributions, the definition of the
correlation function:

. N (p1,p2)
Ca(p1,p2) = NI ) M

The invariant momentum distributions

Ni(p) — nom., Na(p1,p2) = /S($17P1)S($2,P2)|‘1’2($1,$2)|2d4$2d4$1 ()

» S(z,p) source func. (usually assumed to be Gaussian - Lévy is more general)
» U, - inferaction free case - |¥3|? = 1 + cos(qz)

If k1 ~ ko: Co — inverse Fourier-trf, — S

T =T1 — X2
g—Fk1— ko
K:(k1+k2)/2

’S(q,K)

2 .
Calg, K) = 1 , S(g, k) = / S(z, k)errdz

» Sometimes this simple formula fails (cf. experimentally observed oscillations at L3, CMS)
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The out-side-long system, HBT radii
» Corr. func. (with Gaussian source): C (q) =14+ )\ e Bt

>

Bertsch-Pratt pair coordinate-system
» out direction: direction of the average transverse momentum
(K1)
» long direction: beam direction (z axis)
» side direction: orthogonal to the latter two

v

LCMS system (Lorentz boost in the long direction)

v

From the wa MAatrix, Rout, Rside, Riong NONZEro - HBT radii

v

Out-side difference - A+ emission duration

» From a simple hydro calculation:
B2 Vi
R2 o QA 2 R2_ Ly
out ey mT:U% - ﬁT 3 side i mT_gu%

» RHIC: ratio is near one — no strong 15" order phase trans.
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An example for paircuts

DCHrw z-¢ cuts
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Event mixing method

» Corr.func. from actual and background

events
0000 > C(q) = A(g)/B(q)
e O O O » 3% wide cent. and 6 cm wide zvtx classes

O O O » Event mixing:
» From the background pool we choose

— DO N evts., where N is the multiplicity of
the act. evt.

Npon[

» From every chosen evt. we chose one

&O O O O pion randomly

» Background distribution: from
correlating the chosen pions
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Fitting with iterative method

» The func. containing the Coulomb int. is pre-calculated and stored
in a database — Ca(A, R, @; q)

» Numerically fluctuating x2? map

» We need a second-round iterative afterburner:
C3(Xo, Ro, 03 q)
02(0)()\0, Ry, a3 q)

0 0LR, 000 X Nex (1L eg ),

ahol C{V(\, R, 0;q) = C{¥(g) = 14+ X- e @R,

» Aslong as the new parameters differ significantly from the previous,
we confinue iterating

2
< 0.01.

(Fui1— Rn)? | (Ang1 —An)d @0 4 G
Aitemtion = \/ Rg ol A2 J a2

n n
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