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Introduction — part I.

 EXPLORING THE PHASE DIAGRAM OF QCD
« SEARCH FOR THE CRITICAL ENDPOINT

« THE RELATIVISTIC HEAVY ION COLLIDER AND THE RHIC BEAM ENERGY SCAN
 FUTURE FACILITIES: NICA, FAIR, J-PARC HI
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Exploring the Phase diagram of QCD

RHIC-
* Phase diagram: temp. vs. matter excess (baryoch. pot. pug) |G LZBea”‘P_JE",efgySCa"

« Control parameters: v FAIR CBM

« Collision energy, system oo Quark-gluon
. lasma
« Collision geometry 0 D P
 Crossover at low pup and T = 170 MeV g e
: a | Hadronic matter " Color super-
 Probably 1st order p.t. at high uz (NJL, bag model, etc) GEJ - i
= nmuact'teé?r\ phases

* Critical End Point (CEP) in between? : :
Baryochemical potential

» High ug: nuclear matter, neutron stars, color superconductors...

 Phase transition importance: even in core-collapse supernovae!
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The Relativistic Heavy lon Collider

Located at the Brookhaven National Laboratory, Long Island, New York, USA
Collisions of p, d, *He, Al, Cu, Au, U

Accelerator energies: 7.7-200 GeV/nucleon, even 0.51 TeV for p

Experiments: STAR; future: SPHENIX; past: BRAHMS & PHOBOS & PHENIX

i ' : “
= - o .
\ S iy oy > e R X 2

B N g = - T Ty - N

e L% i, R -~ *, Lpn

4 t -
P = )
¥

-y .

P LV
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The RHIC Beam Energy Scan

* BES-I: 7.7-200 GeV; BES-II: 7.7-19.9 GeV, increased Ium|n03|ty
« Small system scan: x+Au, 19.6-200 GeV

» STAR fixed target mode: down to 3 GeV oo SNO\ Quark-Gluon
VSvnv | STAR AutAu | PHENIX Au+Au Year " Plasma
[GeV] | events [106] events [106] '

200.0 2000 7000| 2010 £

62.4 67 830| 2010 g

54.4 1300 - 2017 3

39.0 130 385| 2010 =

27.0 /0 220 2011

19.6 36 88| 2011

14.5 20 24r| 2014 ,

15 12 2010 Hadronic Gas
(.7 £ 1.4 2010

Baryon Chemical Potential pg
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The RHIC Beam Energy Scan

« BES-I: 7.7-200 GeV; BES-II: 7.7-19.9 GeV, increased luminosity
« Small system scan: x+Au, 19.6-200 GeV
» STAR fixed target mode: down to 3 GeV

Collider Energy leedET:;?t el SlngIeEggfm S Rapidity Hg(MeV)
71
6.2

30.3 2.10 420
. 18.6 1.87 487
5.2 12.6 1.68 541
4.5 8.9 1.52 589
3.9 6.3 1.37 633
35 4.8 1.25 666
3.2 3.6 113 699
3.0] 29 1.05 721

Energies unreachable in collider mode
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Future facilities: NICA, FAIR, J-PARC HI

 New facilities planned/built
« NICA: 2020, MPD&BM@N =~
- FAIR: 2022, CBM P

J-PARC HI: 2025, JRITS

FAIR phase 1

FAIR phase 2

SPD
(Detector)

\,
\,o >3

e k- - : E-cooling

BM@N ( Defec‘ror) (Detector) Us3st 61.8 AMeV == HI (under planning)
Extracted beam Colhder > I 20 AMeV stripping Figures: Not to scale
%i \V ? N NS, wumac iy | JPARCHL

UB6+ 586+ proton (existing)

~ ol

ln(echon Complex

‘IPI——DIboosteri
\ "4_,"" e ///

--__'-_' L. SOV, Stripping injection
\ o
Nuclo?ron _ / ——— . U35+$ 66+ 3 4%,:‘7‘
& RCS %
SRt % (A= ¥ o TOF
a7 T b3 . 20> 67AMeV o S \
B BT scT ¢
: 5 : %O 4->3 Ge}/g stripping 7
H~ Es’ﬂlqﬂmv“\’l‘ user U2 'z,,
0.727 AGeV %
[ H-Linac:0.4 Gev yse+

Cryostat 61.8 =2 735.4 AMeV
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f_a"y ook s‘i _ The Phases of QCD

Temperature

(Future) facilities comparison

Quark-Gluon Plasma

» Many future facilities/experiments, SPS & RHIC already running NICA - MPD (colider)
+ RHIC, NICA: Collider and fixed target e
+ SPS, FAIR, J-PARC: fixed target f//

Matter _ Neutron Stars_

 Energy ranges from 2 to 20 GeV in /syn

RHIC BES-Il &

Experiment STAR NA61/SHINE MPD & BM@N JHITS
Start 2019 2009 2020-23 2025 2025
Energy (+/Syn» GeV)  2.9-19.6 GeV 49-17.3 2.0-11 2.7-8.2 2.0-6.2
Rate 100-1000 Hz 100 Hz 10 kHz 10 MHz 10-100 MHz
. Critical Point Critical Point Onset of Deconfinement Onset of Deconfinement Onset of Deconfinement
PhySICS Onset of Deconf. Onset of Deconf. Compr. Hadronic Matter Compr. Hadronic Matter Compr. Hadronic Matter
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Introduction — part Il.

THE HBT EFFECT AND THE IDEA OF FEMTOSCOPY
HBT AND THE PHASE TRANSITION

LEVY DISTRIBUTIONS IN HEAVY ION PHYSICS
LEVY INDEX AS A CRITICAL EXPONENT
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The HBT effect and the idea of femtoscopy

« R. Hanbury Brown & R. Q. Twiss
Intensity correlations vs detector distance = source size
 (Goldhaber et al: applicable in high energy physics
« Momentum correlations of (non)identical particles
Possible to map out the source on the fm scale

e C(q) =1+ |JS@E)e'dr|? (under some assumptions)

or with the pair-source distribution (distance distr.) D(r):

C(@Q) =1+ [D(r)e9dr

Phys. Rev. Lett. 10, 84; Rev. Mod. Phys. 78 1267

N A N 0 O D D D A

Correlation strength

\\“u
N T I SN A N e

Detector distance

Source Correlation

1/R
C(Q) = 1+]5(Q)|?
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Basic definitions of femtoscopical correlation functions

«  Single particle distribution: N, (p) = [ dx S(x, p)

»  Pair momentum distribution: N, (py,p,) = J dx;dx,S(xq, p1) Sz, p2) [P (g, x5) 12

air momentum function
relative P 1 / momentum /

 Pair source/spatial correlation: coordinate (oK [ D(r, K)|¢Q(r)|2dr
t QK= [ D(r,K)dr

D(r,K) = [ d*pS (p +£,K)S(p —%,K)

* No direct access to pair-source in experiments — correlation measurements provide access!
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Shape of the pair-source in heavy ion physics — Levy?

Csdrgd, Hegyi, Zaje, Eur.Phys.J. C36 Normal

diffusion

«  Possible (competing) reasons for the appearance of Lévy-type sources:

1. Proximity of the critical endpoint Csirgd, Hegyi Novak Zajc, AlP Conf.Proc. 828

2. Anomalous diffusion (Metzler, Klafter, Physics Reports 339 (2000) 1-77,
Csanad, Csorgd, Nagy, Braz.J.Phys. 37 (2007) 1002)

3. Jet frag mentation Csdrgd, Hegyi, Novak, Zajc, Acta Phys.Polon. B36

Anomalous

diffusion
(Levy flight)

— Cauchy (a =1)
""""" Lévy (a =1.2)
""""""""" Gauss (a =2)

*  Symmetric Lévy-stable distribution:

1 3 4 ,lqT —|qR|®
e L(aqR;7r) = (2n)3fd ge'd"e 2

. From generalized central limit theorem,
power-law tail ~ =1+
. Special cases: ¢ = 2 Gaussian, « = 1 Cauchy

«  Lévy-type corr. func.: C(Q) =1 + 1 - e~ RO®

. No tail if &« = 2, power law if & < 2;
correlation between o and R, A

Log source density

Distance

-
.
i
-
-
~u
*u
Rrye
.
-
*w
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Properties of univariate stable distributions

Univariate stable distribution: f(x) = iﬂ ffooo o (g)e~*4dq , where the characteristic function:

2
* o(q; a, B, R, w) = exp(iqu — [qR|*(1 — ifsgn(q)P)) tan (n?a)’a + 1 07 """"""""""
d = 0.6 F —0=2.0 3

S8 it 2 : — =1 :

*  a:index of stability ~Tloglgla=1 . _3311)1(:)
«  B:skewness, symmetricif 8 = 0 o o
=0

*  R:scale parameter ’ y
«  u:location, equals the median, . ) \
ifa > 1: p = mean Gaussian distribution  Lévy-stable distribution p 0 5 4

» Important characteristics of stable distributions:
«  The distributions retain the same a and £ under convolution of random variables

*  Any moment greater than a isn't defined
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o S. Chapman, P. Scotto, U. Heinz, Phys.Rev.Lett. 74 (1995) 4400;
T. Cs6rg6 and B. Lorstad, Phys.Rev. C54 (1996) 1390;
H BT and the phase tranSItlon S. Pratt, Nucl.Phys. A830 (2009) 51C

C(q) usually measured in the Bertsch-Pratt pair coordinate-system

 out: direction of the average transverse momentum
* long: beam direction
 side: orthogonal to the latter two

*  Ryup Rger Ripng: HBT radil
- . _G=19)?
e Atemission duration, i.e. S(r,T)~e 2472
. . o)
»  From a simple hydro calculation: 9O
2 R? 2772 p2 R?
Rour = 1+usmr /T, +FrAT", Riige = 1+usmr /T,

« RHIC, 200 GeV: Rt = Rgjq.—> o strong 1st order phase trans.

 Plus lots of other details: pre-equilibrium flow, initial state, EoS, ...
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Second order phase transition?

 Second order phase transitions: critical exponents
* Near the critical point
» Specific heat ~ ((T — T,)/T,)™
«  Order parameter ~ ((T — T.)/T.) P
Susceptibility/compressibility ~ ((T — T,)/T,)~Y
« Correlation length ~ ((T — T,)/T,)™"
« Atthe critical point
«  Order parameter ~ (source field)/®
- Spatial correlation function ~ r—4+2-7
« Ginzburg-Landau: ¢ = 0,8 = 0.5,y =1,n =05, =3,n =0
*  (QCD « 3D Ising model
(an we measure the n power-law exponent?
 Depends on spatial distribution: measurable with femtoscopy!
«  What distribution has a power-law exponent? Levy-stable distribution!
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Lévy index as a critical exponent?

e Critical spatial correlation; ~ r—(d=2+m), s0l
Lévy source; ~ r~(1F®): o & n? s
Cséirgd, Hegyi, Zajc, EurPhys.J. C36 (2004) 67 f;;
«  QCD universality class <> 3D Ising -
Halasz et al,, Phys.Rev.D58 (1998) 096007 310}
Stephanov et al.,, Phys.Rev.Lett87 (1998) 4816 i
Atthe critical point: D05
«  Random field 3D Ising: = 0.50 + 0.05 iy - : -
Rieger; Phys.Rev.B52 (1995) 6659 -0.5 0 0.5
« 3D Ising: n=0.03631(3) (T -To)/T;

EI-Showk et al., J.Stal.Phys.157 (4-5): 669 Modulo finite size/time and non-equilibrium effects

* MOtlvat'Or_‘ for precise I—eVy_HB_T! Other possible reasons for Lévy distributions:
* Change in a;,, - proximity of CEP? anomalous diffusion, QCD jets, ...
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Experimental results

 PHENIX RESULTS
(my, COLLISION ENERGY DEPENDENCE, 1D VS. 3D)

« STAR RESULTS
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Example C, (Qrcms) Correlation Function (PHENIX)

~1.6

@)

Measured in my bins -

Fitted with Coulomb-incorporated function . ,

All fits converged, good confidence levels , ,

PHENIX 0-30% Au+Au @ \'s,, = 200 GeV, T TU , m_=0.331-0.349 GeVic

A =0.81£0.04 Raw corr. function

R=7.71 fm £ 0.27 fm
: o =1.24+0.03 Raw corr. x Coulomb factor
£ £=-0.0294+0.0017 -.--..-. Coulomb factor

N =1.0072 + 0.0004
¥2/INDF = 78/83
conf. level = 63.8%

C,(A,R,05Q) x N x (1+e Q)

CY(,R,0;Q) x Nx (14 Q)

Physical parameters: R, A, a vs. pairmy

Recall ar: Lévy index, 0.5 at CEP (shape!) 1.1

R: length of homogeneity (source sizel)

——-- Nx(1+Q)
CY'=1+1 exp(-R" Q%)

A: correlation strength

(data-fit)/error
o

PHENIX, Phys.Rev. C97 (2018) no.6, 064911,

[T T ||:I|II||I||Illll_llllllllljll

o

arXiv:1709.05649

2021. 03. 02.

—s
Q [GeVic]
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2021. 03. 02.

3

a: not 0.5 (CEP)
and not 2.0 (Gaussian)

R: hydro scaling
A: hole’,

2

—

not incompatible with mass; |

modification

(<

R: new scaling variable

-

0.8

0.6

0.4

0.2

PHENIX 200 GeV 1D Levy HBT results

arXiv:1709.05649

- PHENIX 0-30% Au+Au \'s,, =200 GeV
[ 0l =1.207 . 42/ NDF = 208/61,CL<0.1%

" Phys. Rev. C 97, 064911 (2018)

I-Ou-.—4
-
CeE G
-
& 21
-

o T
o et

HENIX 0-30% Au+Au \’SNN = 200 GeV
T
't

— Am; +B

o e ™

A=(0.034 OOO2ttDC t
( (stat) (SVS))fm oy

B = (0.006 + 0.001(stat);’ > (syst) )f—Z
007 ™

C é 0.04
- fup e ; @%1 42 [NDF =34 /27, CL=17%
— 0.03
2 a~1.2
[ ]
C 0.01
P O RSP I EEPSPUNN RPN RPN I s e b e b b b b e
- PHENIX 0-30% AutAu \s,, = 200 GeV E [ PHENIX 0-30% Au+Au s, = 200 GeV
C e T | = r e T _."-
ro mtnt ‘T o ++ ** ¢
C ~ - o o]
= Amax = (1) S :
C (0.55-0.9) GeV/c® C_ A m, +8
'_ ------- 0.4—
C DR S R - 1 _ A{1+a)
C 03— R R
C C Charge averaged fit:
-~ A - - - m,*=958 MeV, B;!=55 MeV i 2: ¥2/ NDF = 54 /26, CL=0.12%
. . PRL105.182301(2010). | ... m *=530 MeV, B;'=168 MeV/ < 5
; PRC83,054903(2011), U ' C A +0.142 2
- K SRS ) { IIIIIII m, *=530 MeV, B:'=55 MeV - A = (0.591 0.003(stat) 7 (syst) e
C 8 Kaneta and Xu m,*=250 MeV, B;!=55 MeV W |
— H=(0.59+0 OZ(STSY) o1s (SJST)] —1-H exp[-(mi-mﬁ).'(Zcrz)] ' C (0 031+ 0.001 (Stat) 0 CB (Syst)) 1
= 6=(0.30+0.01(stat);’ o (syst)) GeV/c®, x2/NDF=83/60, CL=2.7% -
7l|IlLI||lII|IIIIIJlIIJl!IIJIIIIIIII[I 0_\IIlIIII\III\IIII\I||III|\III‘II|I‘II\I|I\\I
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 01 02 03 04 05 06 07 08
my [GeVic?] m; [GeV/c?]

D. KINCSES - PION SOURCE IN HEAVY-ION COLL.

PHENIX, Phys.Rev. C97 (2018) no.6, 064911,



- B. Kurgyis for the PHENIX Coll.,
CrOSS_CheCk Wlth 3D Versus 1 D Acta Phys. Pol. B Proc. Suppl. vol. 12 (2), pp. 477 - 482 (2019)

. PHENIX L 0-30 % Centrality - ~ Au+Au ﬁ =200 GeV
E [ = R, (t1)3D pHTENIX I e R, (v7)3D I s+ Ry (rr)3D
4ol o R,, (t*n*) 3D preliminary - o R4 ('n*) 3D L o Ry, ('n%) 3D
+ R(rm)1D (arXiv:1709.05649) | v R(mm) 1D (arXiv:1709.05649) | ﬁ + R (v'7) 1D (arXiv:1709.05649)
i * R(x'n") 1D (arXiv:1709.05649) | * R (n*n*) 1D (arXiv:1709.05649) | % + R (r'n*) 1D (arXiv:1709.05649)
i Out N ; Side N ﬁ; Long
. Wl b 0] By ]
I~ X RN I~ i1t [ ] B 1133
L T
RS CeY e % —lreariaiiey]
o gl L TR LT
Tl it 1
.L S 1] i;ﬁﬁ%é é 1 It [ 53 .
¥£:% | WPCF 2018, B. Kurgyis [ \3
N P I TS FRR T FR W SETTA i (A R RTE AR NIRRT RERR1 ANENE ANRNI FRETE N1 (A ANSRA AR ETY FRRTE AANT1 ANNTI RRRN1 SRRRI T, \
02 03 04 05 06 07 08 0902 03 04 O0O5 06 07 08 0902 03 04 05 06 07 08 059
m, [GeV/c?] m, [GeV/c) m, [GeV/c?]
 Compatibility with 1D Lévy analysis side
» Similar decreasing trend as Gaussian HBT radii, but it is not an RMS radius! 5 e
« There is no 2" moment (variance or root mean square) for Lévy distributions with a < 2! \OQ
- gt S O
 Asymmetric source for small m, validity of Coulomb-approximation? A
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CO"iSion energy dependence D. Kincses for the PHENIX Coll.,

Acta Phys.Polon.Supp. 12 (2019) 445

 Lévy exponent « still far from conjectured limit, interesting trends in R

* Very much my bin width dependent, wait for final resuits. .. D. Kincses, QM18, WPCF18, CPOD18

S  PHENIX 0-30% Au+Au, (m.) = 0.420 GeV/c? mn+n'n* E g 5 PHENIX 0-30% Au+Au, (m.) = 0.420 GeV/c?, nw+ntnt
1.5 - DX F s [GeV: 146 196 27 39 624 200
- 1 81 Am_ [MeV/c?]: 300 300 200 150 50 12
141 7.5F +
- , 75 S
1.3 . PH ENIX B PH ENIX
C . . % + preliminary 6.5 preliminary
1.2 6; ] %
: -
1_1; 55; ®
- (s [GeVI 146 196 27 39 624 200 5E
x AmT[MeV/C] 300 300 200 150 50 12 - ke
L1 | | | | R | | Co | I | I | Lo | | |
10 107 ISy [GEV] 10 10° I'san [GeV]
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LéVy FemtOSCOpy at STAR D. Kincses for the STAR Coll.,

Phys.Part.Nucl. 51 (2020) 3, 267-269

* First 1D Lévy fits tested, preliminary results (presented at WPCF19)

« Higer precision than PHENIX — Low Q behavior not clear, Gaussian fits fail, Lévy fits also not perfect
 refinements needed from phenomenology

N ~ 1.6 TR——
o OF STAR AUsAU@ |5y, = 200 GeV, 0-30%, =7, (m_) = 0.395 GeV/c ° o Pk STAR Au+AU@ (S, = 200 GeV, 0-30%, 77, (m.) = 0.395 GeV/c >
- i NN T reliminar
C preliminary E p y
15— A =0.44 £ 0.00 15— 1 =0.69 +0.01 _
C R =4.73 fm £ 0.01 fm + Raw corr. function — R= 5-112 fn"llJ 310-04 fm + Raw corr. function
= o =2.00 +0.00 - o= 1.41 0.
14— e =-0.017 + 0.000 14— e =-0.011 +0.000
C N = 1.0042 + 0.0001 Coul , - N = 1.0028 + 0.0001 Couly B =AY x N(1
- 12/NDF = 2922/269 Clew®.R.:Q) x N(1+2 Q) e 1?/NDF = 559/265 Clew(R.0:Q) x N(1+¢ Q)
LSl = conf. level = 0.0000 s ?(! : cont. level = 0.0000
— e e N(1+& Q) e N T N(1+€ Q)
12, 1.2 =
[ C
_{‘ ! H
1.1 :j' 1.1 qL.
PN I
— 4 1 i L 1 | -+ L_QI. 1 L L I | L 1 I. 0 5 4 1 1 .. | ‘ | I L
E; 3 :. '. ... = 3 [ ] ".c. ©
5 D . o 2 A . . Pt
S RIIINS R & SRS S D I TR TR -
L ¢ hes oo p e & Si @ VAT Al SRR RS
L T N S IRRRTE
Bz ‘ AR YA S .
40 q.D.‘OS 0‘.1 0 ‘15 . 0!2 0 ZIES 0.3 40 * 0.65 0‘.1 0.|15 0!2 0.25 0.3
Q [GeV/c] Q [GeV/c]
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Developements in phenomenology — part |.

* FINAL-STATE COULOMB AND STRONG INTERACTIONS

D. Kincses, M. I. Nagy, M. Csanad,
Phys.Rev.C 102 (2020) 6, 064912
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What do we need to calculate the correlation function?

C(Q) = [ DM)|o®)| dr

 Assumption on the shape of the D(r) pair-source function

»  Proper description of FSI enclosed in 1o (r) symmetrized pair wave func.
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Final-state interactions in the pair wave function

2 m 21N

€

+  Sommerfeld-parameter, Gamow-factor: /1 = 7 -5 |V f=ams N= e~ ™12 (1+in)

* Coulomb wave-function (not yet symmetrized): lb;(c_)(T) = N*e ""F(1—in, 1, i(kr+kr))

Confluent hypergeometric function

« How to include strong interaction? Take partial wave expansion of the known Coulomb-scattering wave-
function, subtract the I = 0 term, and add this term back with strong phase-shift included:

TS (1) = e“““{N*FU—m, 1 i(kr+kr))+

+2¢sin Azaoe_m"ﬁvo e™/2¢ =210k .0 U(1—in, 2, 2ikr) }

d N

Strong phase shift Coulomb phase shift Tricomi's function
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Final-state interactions in the pair wave function

R. Lednicky, Phys. Part. Nucl. 40, 307 (2009).

* Pair wave funtion with Coulomb + s-wave stronq interaction:

G. Colangelo, J. Gasser and H. Leutwyler,

\IJ%S(T,) — e—ikr {N*F(l—lﬁ, 17 Z(]CT—F’CT))—I— Nucl. Phys. B 603, 125 (2001)

Confluent hypergeometr/c function: Tricomi’s function (in case of integer b, [Hospital’s rule to be used...)
['(a+n) 2" ) T F(a,b,z) F(a+1-b,2-0b, 2)
(a,b, 2) Ula. b 2) — s R . .
Z I'(a)I'(b+n) n! (a,,2) sin(7b) {T(a.+1—b) : I'(a)

+  Effect of strong interaction appears through s-wave strong phase-shift A;, ,

- Different parametrizations for Ay o exist in the literature, see e.g. Nucl. Phys. B 508, 26; Nucl. Phys. B 603, 12; Phys. Rev. D 83, 07400
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Final-state interactions in the pair wave function

. . TANG
Effect of strong interaction appears through s-wave strong phase shift A, ;_,

-1
A(S) 2T 1 I
sin AE{S’%:O e'Pri=o = k 77 < 2kn (h(r)) + ))

e2m — 1\K(k) e2m — |
. . £ 0
* Different parametrizations for K (k): = I -=---=. Bijnens, Nucl. Phys. B 508, 263 (1997)
s - m=--- CGL O(k?)
Bijnens, Colangelo et al., Garcia-Martin 0057 e CGL O(k) ¢ Nucl. Phys. B 603, 125 (2001)
L = o CGL O(ke)
* Give identical result in the important range k < 100 MeV/c 0.1 S
» Inthe following, we utilized Garcia-Martin et al. o 15f TS
PRD83, 074004 (2011) : T
L s S
028 50" " 100" 150 200 250 300 350 400

k [MeV/c]
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Two-pion correlation functions with Léevy-stable sources

S 1.7¢
|t seems that the strong interaction has &, I o=15 %=1
a small but non-negligible effect! © 1'6:_ |
- ETNA R =4 fm
1.5 ooy e e R=6fm } Coulomb only
» Byeye it seems that it affects mostly the -7 R=8fm
strength (1), maybe R and « as well T4 % o R =4 fm
SR '-".';.',,2 SR R=6fm } Coulomb + strong
» To investigate the effect in more details: 1'3:_',!’ O R=8fm
| 1.2F]
Lets generate dafa that resembles | %
experimental C(Q) by sampling the 1 .1:—I! oY
calculated functions containing C+S FSI 1;1 S gy
: 1 | 1 1 I 1 | 1 1 I 1 1 1 1 | 1 1 | 1
0 0.05 0.1 0.15 0.2

Q [GeV/c
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First check — fitting method

~1.6
g ¢
o |lefs generate data that resembles ‘a’ 15 = | Numerically generated C_(Q), Coulomb + strong FSl included
experimental corr. func., and see if ~E
o . - —— C,(Q) fit function, Coulomb + strong FSI included
the fit gives back the input 14 &
- Noutput = 1.000 + 9e-05
- Fitting method is working well, 1.3 Moutput = 0-81 £ 0.01
output is within errors the same as the - Routput = 6.04 fm + 0.05 fm
— 1.2 Oloytput = 1-55 + 0.02
| - 1.1- ¥?INDF = 214/186
 Testis repeated for multiple different - conf. level = 0.081
Input parameter combinations 154 1 e
= 48
}E e %:}Q.‘ Ry .:; " "f'l. PR L .y - - .:~ . .’_‘_ ., ',:-
- : : @ |0 _oF°%w " $ o Y CaRERCURA N
C+S data fitted with C+S function el

example fit
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Second check — fitting C+S data with Coulomb only

(what people usually did for real data so far)

output

+ Systematic change in the
parameters: A4, R, a1

~ 1.6
C —
e |ets see what happens, if we ;011 5i | Numerically generated C (Q), Coulomb + strong FSl included
generate C+S data, but fit it with a ~r
: " — —— C,(Q) fit function, only Coulomb FSI included
function containing only the 14 #
Coulomb interaction = Noutput = 0-999 + 9e-05
. » 1.3 A =0.77 +0.01
- Depending on the precision of the data, = = 6.00 fm R(:::::t = 599 fm + 0.05 fm
we can get good / bad fits 1.2F o =1.59 + 0.02

Y?/NDF = 216/186
conf. level = 0.066

(a)

T TTT1
: .
1
1
1
1
1
1
1
1
1

— 1
1
1
1
1
1
1
1
{
3
9
]

error
NOND

(data-fit)

C+S data fitted with Coul. function

example fit — small statistics
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Second check — fitting C+S data with Coulomb only

(what people usually did for real data so far)

~ 1.6
e |ets see what happeng’ if we %1 55 } Numerically generated C_(Q), Coulomb + strong FSl included
generate C+S data, but fit it with a T _ . _
: - — —— C,(Q) fit function, only Coulomb FSI included
function containing only the 1.4F
Coulomb interaction - Noyiput = 0-999 + 2e-05
| . 3 Moutput = 0-765 + 0.002
* Depending on the precision of the data, = Routput = 596 fm + 0.01 fm
we can get good / bad fits 1.2F Oloutput = 1-593 £ 0.003
- Systematic change in the | 15_ +2INDF = 517/186 b
parameters: A l, RI, a1 = conf. level < 1e-05 (b)
 (data-fit)/error — characteristic 1_5 | 1
oscillation structure appears 3 _
C+S data fitted with Coul. function 2

example fit — high statistics
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Second check — fitting C+S data with Coulomb only

(what people usually did for real data so far)

Let's see what happens, if we
generate C+S data, but fit it with a
function Contamlng only the

Lets repeat this for many dn‘ferent mput parameters
. spanmng a W|de range in parameter space'

parameters.:

(data-flt)lerror — characteristic
oscillation structure appears

C+S data fitted with Coul. function
example fit — high statistics

—~1.6
o

~——
N

015

1.4

E } Numerically generated CZ(Q), Coulomb + strong FSI included
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Second check — fitting C+S data with Coulomb only

(what people usually did for real data so far)

Systematic change: AL / Rl / al

(R, , ~098R*0.09 | %2 (o) =103 0,002

.—l

- (roudr o = 095 1,

out’R;

..... - N\ ""' s L R =N o / 3 :.....
<7“out>g,,,am Ain £ | Rowdy 0, Rin -

-

A
F<3 out> 5,(1"1
o (o]

i <}\‘ou‘)Rln’ain

0.7}
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D. Kincses, M. |. Nagy, M. Csanad,
Summary — part |. Phys.Rev.C 102 (2020) 6, 064912
» Detailed calculation of C(Q) with Lévy-type source and Coulomb + s-wave strong FSl included
|t seems that strong interaction can have a non-negligible effect for pions

« Ifthe data is precise enough (could be achievable in today’s typical heavy-ion experiments),
fits neglecting strong interaction can become statistically unacceptable

* Two-pion HBT analyses not including Sl probably slightly
underestimate R, A, and overestimate «

 Outlook: possibility to give constraints on strong interaction scattering length?
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Developements in phenomenology — part Il.

 PION SOURCE FUNCTION IN THE EPOS MODEL

 (FOR MOST RECENT RESULTS SEE CONTRIBUTION TO INITIAL STAGES 2021)
HTTPS://INDICO.CERN.CH/EVENT/854124/CONTRIBUTIONS/4147083/
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The two-particle source function
C(Q) = J D) |wo)| dr

* Experiments — no direct access to pair-source

Assumption on the shape of the D(r) pair-source function Calculating G(Q), then
testing our assumption

*  Proper description of FSI enclosed in 1 (r) symmetrized pair wave func. | on experimental data

» Event generator models - direct access to pair-source!

«  Phenomenological investigations of D () possible
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The EPOS model

Energy conserving quantum-mechanical multiple scattering approach, based on
Partons (parton ladders), Off-shell remnants, and Splitting of parton ladders.

The model is based on Monte-Carlo techniques
Theoretical framework: parton-based Gribov-Regge theory (PBGRT)
Three main parts of the model:

« Core-Corona division (based on dE/dx of string segments)
» Hydrodynamical evolution (VHLLE 3D+1 viscous hydrodynamics)

« Hadronic cascades (UrQMD afterburner)
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Details of the analysis

* /Syn = 200 GeV Au+Au collisions generated by EP0S359
 Investigating pions from the final stage of EPOS, after CORE+CORONA+UrQMD
- event-by-event analysis!

« (bservable: angle-averaged radial source distribution of like-sign pion pairs

o D(r{$M) = [dQdtD(r), r5M =JG — )7+ Oy — 1502 + Bzyeys)?

° AZLCMS:Z1_Z2_W ;ﬁ_(Pz1+Pz2)/(E1+E2)
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Resu |tS E 4l EPOS3 AUtAU@YS,,, = 200 GeV
=T , CORE+CORONA+UrQMD
I . % : o
» Pair-source containing CORE+CORONA+UrQMD fitted event-by-event! 9 . .
» Extracted a and R parameters described with a normal distr. . B = _
« Similar trends as observed in experiments, higher a values 8;_ * -
B *
> .
~107% EPOS3, 10-20% Au+AU@)syy = 200 GeV |[FPOS3 10-20% AU+AU@|S =200 GeV N —amas /| + .
Lil O—Bi CORE+CORONA+UrQMD single event ' CORE+CORONA+UrQMD| Nevts 13704 - | 7Eiv| | <| 1 | | | T
> = - T~ A T T T
- 104- /] 73/NDF = 129/103 ;C; ‘_{f—"=’om3'0<_ 3 —— S,R> _.'6 5 3 o o/(R) o,/{o)
=T conf.lev. = 0.04047 oo B - e 0-5% 42% 34%
10-5- _ () | 1.63 1.9F
I Sy, 007 | i m5-10% 4.8% 3.8%
107°: : COr, g —25% - )
ji: e < 1 8l 1. \*10 20% 6.3% 4.3%
1077 k; = 0.30-0.35 GeV/c - - ’!\Q—SO% 71% 4.8%
10-8. o =1.54 +0.02 3 1.7E x
I R =(7.21+0.07) fm T o @ "
10 ? + D(rLCMS) W 7_ ] :
10719 - 1/ i
- || | —Levydistr.(0,2""Rir_ ) T 190 0
10—11_ Lol T R N B ! oo b b e b 025 03 035 204
1 10 r_, [fm] 107 14 15 16 1.7 18 « m; [GeV/c?]
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Summary — part Il.

* Preliminary event-by-event analysis of EPOS 200 GeV Au+Au data
 Angle averaged radial pair-source of pions investigated
 Levy-distribution describes source D(r)
« event by event non-Gaussianity — not because of averaging
« normal distribution of dN/dR and dN/de in given KT & cent.
 Ongoing investigations:

* pair-source in early phases of EPOS before rescattering

 pair-source in multiple dimensions

* pair-source of different particles
 Reconstruct correlation functions from the measured pair-source distributions
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PHENIX, Phys.Rev. C97 (2018) no.6, 064911, l
Acta Phys. Pol. B Proc. Suppl. vol. 12 (2), 477 - 482 (2019)
Acta Phys.Polon.Supp. 12 (2019) 445

Phys.Part.Nucl. 51 (2020) 3, 267-269

Phys.Rev.C 102 (2020) 6, 064912

N

Investigation of the pion-pair source in heavy-ion collisions through HBT correlations

Experimental results

Levy fits yield acceptable description (within a certain precision), parameters R, A, & measured

Stability parameter & < 2 < anomalous diffusion/CEP/QCD jets?
Linear scaling of 1/R? vs my < hydro (but non-Gaussian source!)
Low-mT decrease in A(my) < core-halo model, in-medium n’ mass?

Developements in phenomenology
« Strong interaction might have a non-negligible effect for pions if the experimental precision is high
 Event-by-event non Gaussianity observed in the EPOS model

__ Thank you for you atentio

e T LA - =
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Backup slides
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Freeze_out from particle yields STAR Collaboration, Phys. Rev. C 96,

044904 (2017) [arXiv:1701.07065]

Chemical and kinetic freeze-out parameters via THERMUS and BlastWave
Thermal multiplicity assumption valid

Systematics investigated (parameter constraints, included species)
Separation of Tch and Tkin around /sy = 4-5 GeV, Tch flattens at 10 GeV

8020062439 27 19.6 11.56 7.7 Gev 200F o

150F 5 A

= n 1
=t & ok +
— SR T Tun
: : 50 [ AL A Y World data ]
. 00 0530/ 3 A - - ® ®m STARBES
130 30-4(50/ - Cleymans et a' e - -- T, Andronic et al.
[ A 60- 80 % ~Andronicet a' L] ok T, Cleymans et aI ]
t20f RO S S . 1 10 100 1000
100 200 300 400
u, (MeV) \ SNN (GeV)
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PHENIX 3D Lévy femtoscopy — example corr. functions .

 Femtoscopy done in 3D:

1.3

: < | PHENIX 0-30 % Centrality Au+Au Voo = 200 GeV, T*TC* - <m;>=0.4GeV/c?
Bertsch-Pratt pair frame 9 f " rawcom fune. | ]
. . ’ + Raw corr. < Coul. fact. 2=092+0.04 r 20 MeV/c < qother < 40 MeV/c
out/side/long coordinates . Coulomb factor 0= 115 £0.03 i
1.2 5 R, =6.08 fm+ 0.22 fi C
' === CPM N (14e(E q)) Rou 20080220 F ¢ = 141 exp(-z RIcp)'"?)
, C,x Nx (1+£(Z q)) side = 1.0 M 0.2 Tm -t G
1 15*#& z #ﬁh‘ Rigng = 7.69 fm = 0.27 fm - +,|.+\*‘*‘}C2 =C, x Coulomb factor
: ) , ! = 0.062+ 0.01 c/GeV 2
1.1 STy # PH ENIX
R A __ xi.-"NDF = 210846/177428 L preliminary
out,side,long» /b & o5 . , 2
measured versus pair my  Froo--e- ¥ Uity f kel W g T

L Projection: Projection: C Projection:
0.95 12INDF = 76/66 L ¥2INDF = 79/81 C ¥2/INDF = 37/59
"o . . T conf.level =18 % conf.level =53 % C conf.level =99 %
. FltlnthlSCaSel A :IIIIIIIIIIIIIIIIIIIIIII L1 1 |||I|||||||I|||I||| |||I|||I:IIIIIIIIIIIIIIIIIIIIIIIIIII
o . . o B -
modified log-likelihood 220 - -~ =oae- T F - R
(small stat. in peak range) &= R R '
B B R Y S 5 B X1 BB RO
A [GeV/c] e [GeVic] qlong [GeVic]
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3D versus 1D: strength A and shape

24— PHENIX 0-30% Centrality = — PHENIX 0-30% Centrality

E Au+Au \"‘S—NN = 200 GeV — Au+Au \s,, =200 GeV
22— m 13D Pi-B_(?NIX 1 6_— m 3D

C m| Tttt 3D preliminary ~L o ot 3D

2 n'n” 1D (arXivi1709.05649) - ' 1D (arXiv:1709.05649)

- n*n* 1D (arXiv:1709.05649) = 1 n*r* 1D (arXiv:1709.05649) .
181 14— T . \

- IR S PRIV AN AV
ST SNl

5 Linadlialigy e 0 IR LR PR
b o R R T

- #] @ ] 4= ks J + _

u v iiuﬂl:& L | I il =
AT : AP

- g7 X 0.8—
0.6__|I*II‘I|IIII|IIII|IIII|IIII|IIII|IIII|I _|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
m; [GeV/c?] m. [GeV/c?]

 Compatible with 1D (Q, ~;,5s) measurement of Phys. Rev. C 97, 064911 (2018)
* Small discrepancy at small my: due to large R;op g4 at small my?
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Lévy Femtoscopy at NAG1/SHINE

« NAG61/SHINE at SPS, 150A GeV/c Be+Be analysis
 Lévy fits statistically acceptable

* R(my): Decreasing trend, transverse flow?

* A(mq): Slight/no dependence with my, no ,hole”

* a(myr): Not Gaussian, nearly Cauchy, around 1.0-1.5

. 2 — 45
- =
AT a(mT) 18— A(J]l']") AT | — A R(mT)
¥ 16— > ot am— ot
— nr4ntnt 14— .
B ’ -+t 3 - nr+n'n
- - i
12—
- Zis| = : I‘
+ ¥ .
- B I =5 @ [
0.8— 4
L - ) 15— ]
N * [
— fa . — NAG61/SHINE Preliminary
ar— 0,
[~ NAG1/SHINE Preliminary (B 22 (@ 0 G O
| Be+Be @ 150A GeV/c 0-20% 02— NAB1/SHINE Preliminary —
‘ ‘ Be+Be @ 150A GeV/c 0-20% ‘ T
SR S R U i SRR T S
m, (GeV) (GeV) (GeV)
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Results at CMS, touching different topics

 Analysis performed at 0.9-13 TeV, Pb+Pb, p+Pb, p+p, using a = 1 fixed
* 3D analysis for 0.9-7 TeV « High multiplicity 13 TeV p+p: similar results as ion-ion

*  Detailed geometry exploration - Geometric multiplicity scaling
* Elongated source: p+p and p+Pb «  Hydro type of my scaling?
Slo oy pr o i<t s Pbe pr (2 E—L S CMS Preliminary pp (13 TeV) 0.6?M$ f"?’fr?”fr.y‘ e ‘?p(j.aT?Y?
g [—— PbPb, Sy = 2.76 TeV T~ PoPb, Vs = 2.76 TeV 16 A o N Raaan : ]
- —— pPb, Vsyy = 5.02 TeV n _ii —— pPb, \SNN 5.02 TeV n 1 - HCS Method e Hybrid Cluster Subtraction |
5 " Pp.s=7TeV e pp, s =7TeV 15 ae (e swes ] T o 0N <19
- —— pp,\s =2.76 TeV K T —— pp, Vs =2.76 TeV ] L 1 Intramethods variation — L - ]
- —— pp,§=09TeV + i —— pp,s =09 TeV * ] - % 04 20 <N, ™89 -
r PP, xS = 0. e__*. 2 & +t 1 PP, s =L.9 18 . 14 'g 3 — Linear fit + constant . B _E T 40 < \C™ < 59 ]
3 f = d * — ¥ 1 E = T === Linear fit m-::l:[”"‘- E, . offline ]
; . ‘_’— _i 3 IT_ N E I > 03: 60 < N e _ 2q -
o B I CT_"E 2r N ‘f‘g;‘ g o 80 <N ‘“e<99 1
EP) = 02 100\ <119~
] 1: ] 0.1 = 2 120<N™ <139 -
_ 1T 11 ke ] 140<Ntk <250 |
r “ k. 1T ” k. 1 0 T T T I -v"‘ ol Ll .
0 btiis, il ikl IS T | T4, o 1 2 3 4 5 6 7 % 02 04 06 08 1 12 14
0 50 100 150 200 250 3000 50 100 150 200 250 300 1/3
0 2 (N_ ) mr [GeV]
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HBT radii and the search for the CEP

 Signals of QCD CEP: softest point, long emission

* RZ,, — RZ,,: related to emission duration

* (Rsige — V2R) /Riong - related to expansion velocity, R: initial transverse size

° Non'monOtoniC pal'[emS PHENIX Collaboration, arXiv:1410.2559
o 15 |8  AutAu (a)l ; FS’%E:;IX/STAR (b)! "
* Indication of the CEP? < i: Akl IS e 1 0.6 mg
e Further details in S el R Y
| S0t ,}%E { t1 @
Roy Lacey, arXiv:1606.08071 & = I . 3 [ ¥ 104 !
. 3t T 3
arXiv:1411.7931 (PRL114) ol . s 1 W ] 4
= - 4103~

 How about finite size scaling? O W e e T

0.01 0.1 1 0.01 0.1 1
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Finite size effects taken into account

» Finite size scaling analysis with L = R, peak position and height tell v and y
* Critical EndPoint location for L — oo: \/syy = 47.5 GeV

« Scalingvsty = (T —T,)/T; , t,, = (up — tpc)/pc: T=165 MeV & up=95 MeV

|||||||||||||||||||||||||||||

MRS - Peak position [TeV] |+ Peak height [fm?] - [ o0os% (a)] (b)]
*  10-20% | | ~LTYY 5y =066 ] ~LYV > yx=13 | 4 Fx 10-20% + 4
e 20-30% £ |l ® 20-30% 1 i

10 | iﬁ\;\ o 30-40% ] L 1 i
I /4 *  40-50% | /
L] -60%

S I _

0.04f 1 f 410 = | ]
- - 1 / 1 o - i ]
f S :

r AN 1 / Ig :
0.02- 5\\ 1 /{ x H} § g {H
i kX v £ 2 T 2
/ 5 3 1
E
1 -
{0 0] ] 0 S T A MR | _Ll/\ ||||||||||| 11 L A R A Ll ol 1
025 050 0.75 T2 3 4 06 04 02 00 0 4 8 12
1/R" (fm ) R~ (fm?) (R"™t, (fm'"™) (R]"")t}ls (fm'"™)
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