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- LEVY DISTRIBUTION AND THE CRITICAL POINT

- PARAMETERS OF A LEVY-TYPE CORRELATION FUNCTION

[ o7 00 e awNNETRRRRET el | A Nl B

2019. 12. 03. S. TRIPATHY - LEVY-HBT @STAR



The HBT effect and the Levy distribution

«  Momentum correlations of identical pions

» Possible to map out the source on the fm scale
Usually assumed source shape: Gaussian

» (Generalization: Lévy distribution

*  Lévy-type corr. func.:

C(Q)=1+21-e RO"

Normal
A diffusion

Anomalous

diffusion
(Levy flight)

Source Correlation

.

—> =P
R 1/R
C(Q) = 1+|5(Q) | 2 Gaussian distribution  Lévy distribution
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Levy distribution and the critical point

Related references:

1
(2m)3

«  Lévy distribution: £(a, R,r) = —— [ d3q el e 21RI"

Eur.Phys.J. C36 (2004) 67-78

(Critical behavior — critical exponents
Braz.J.Phys.37:1002-1013,2007

«  Spatial correlations at the CEP (in 3 dim.) oc =17

: - : - Acta Phys.Polon. B36 (2005
* Incase of Lévy source, spatial correlations o< ~1~¢ y [20E)

QCD universality class — (rdf.) 3D Ising » n < 0.5 329-337
« Lévy-type parametrization: - AIP Conf.Proc. 828 (2006) no.1,
C(Q) =142 e RO" 525-532
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Parameters of a Levy-type correlation

function
« Correlation strength 4 @
»  Intercept of the corr. func. OlcQ)=1+2-e RO"

»  Core-Halo model: VA = N¢/(N¢ + Ng) 1+4
« Lévy-scale R

Physical size of the source

»  Usually decreases with my
« Lévy-exponent a

Connected to critical exponentn

«  Could be a possible signal of CEP
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Non-Gaussian HBT papers from other
experiments

»  PHENIX: Phys.Rev.C97 (2018) no.6, 064911 (Au+Au at 200 GeV, 0-30%, pions, Levy fits)
+ several different preliminary results

* L3: EurPhys.J.C71(2011) 1648 (e*e~, Levy fits)

*  CMS: Phys.Rev. C97 (2018) no.6,064912 (pp, pPb, PbPb, @ = 1, exponential fits) J

* NAG61: arXiv:1811.05262 (Be+Be at 150A GeV/c, Levy fits) } Preliminary

* LHCb: Nucl.Phys.A982(2019) 347-350 (pp at 7 TeV,8 TeV,a@ = 1, exponential fits)

> Final

» Lévy fits may help in CEP search (a (1/Syn)) and can provide better
description of experimental data
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l Experlmental setup, measurement of
the correlation functions

— A J \
- THE STAR DETECTOR

- SUMMARY OF THE ANALYSIS CUTS

« KINEMATIC VARIABLES OF THE CORRELATION FUNCTIONS
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The STAR detector

* Detectors used for the analysis:
« BBC, ZDC, VPD: centrality, vertex position

«  TPC: tracking, dE/dx PID

=

8
Tl 5
p > =

dE/dx [GeVicm)
§ e :
a
|
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Measurement of the correlation functions

* Analyzing data from 200 GeV Au+Au, Run-10

* Measurements of 1D two-pion HBT correlation functions

pool

« Event mixing is done with the conventional method

2 cm wide z vertex bins, 5% wide centrality bins

Vertex position PID
Splitting level
Charged particle multiplicity Number of TPC hits
pT
Centrality Fraction of merged hits

Distance of Closest Approach
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Event and track cuts

» Vertex position cuts: * PID cut:
+ vpd |v] <30cm e N, (m)<2 N, (Kpe>2
+ TPC || <30cm S
« |vpdwv,-TPCw,|<3cm *  Number of TPC hits cut:
‘ Uy (,}U5+v).z')<2cm * Nhits>15
« Charged particle multiplicity cut: . pTeut:

e TOF mult. < 7.8 - Ref mult. + 100
 TOF mult. > 3.57 - Ref mult. — 71.43

« Centrality cut:
e 0-30% «  DCAglobal <3 cm

 0.15GeV<pr<1.0GeV

Distance of Closest Approach cut:
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Pair cuts

« Splitting level < 0.6

. G
SL = 2iSi ,
Nhits, 1 + Nhits,z

o | if one track leaves a hit on pad row
S; =<+1 if both tracks leave a hit on pad row
0 if neither track leaves a hit on pad row

* Fraction of merged hits < 0.1

J. Adams et al. (STAR Collaboration), Phys. Rev. C 71,
044906 (2005)
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a) b) c) d)

FIG. 1: Distribution of same number of hits in two
tracks for four possible cases. Closed circles are hits

assigned to one track, open circles are assigned to

the other. a) SL = 0.5 (clearly two tracks) b) SL
= 1 (possible split track) ¢) SL = 1 (possible split
track) d) SL = 0.08 (likely two tracks).

* For each pair, the fraction of hits that are close enough so they would appear

merged is computed

2019. 12. 03.
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« LEVY FITS AND THE COULOMB EFFECT

« SHAPE OF THE CORRELATION FUNCTIONS WITH COULOMB EFFECT

INCLUDED
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Kinematic variables of the correlation
function

Usually used one-dimensional variable (with the Bertsch-Pratt variables in the LCMS frame):

Qinv = \/(1 o B%‘)q%ut r q?ide 1r qlzong' BT — 2kT/(E1 1y EZ)

* |f B, iscloseto 1 (intermediate-high k) gin, Can be small even if q,,,¢ 1S NOt

» Radius extracted from gy dependent two pion HBT correlations (in Au+Au)
overestimates the 3D LOMS (Rou¢, Rsides Riong) results (see e.g. the thesis of A. Enokizono)

«  Another approach: LCMS three-momentum difference; ~ P/inspirehep.netirecora/673645/

- 2
Q - |CILCMS| - \[(plx - pr)z + (ply - pZy) + qlzong,LCMS
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Léevy fits and the Coulomb effect

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

«  Pair momentum distribution: N, (p;,p,) = | dx1dx,S(xy, p1)S(x0, p) [P (x1, x5) |2

+  Correlation function: C(p,,p,) = —22LP2) relative average \Pairwave
relative momentum _ momentum /
+ Pair source/spatial correlation: cooidinate . IK [ D(r, K)|¢Q(r)|zdr
: @K)= | D(r,K)dr

D(r, K) = fd4pS(p+%,K)S(p —%,K)

[ De)| o) dr
f Dc(r)dr

Ry lar
Core-Halo model: S = VA S, + (1 —VA)Sy —> C(Q) =1-A+21-
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Léevy fits and the Coulomb effect

« Lévy parametrization without final state effects: C©(Q) = 1 + 1 - e~ IR@I"

Intercept Possible linear
- parameter Lévy exponent background
* Bowler-Sinyukov procedure: ¢ elation /4 (usually negligible)
strength) N
CQ=(1-2+2-K(Q;a,R)-(1+e 1R%)).N. 1+ £Q)
|
v
Coulomb Lévy scale
* Coulomb-correction: correction arameter

Two-particle wave function (with the

[ D(-,-)lw(,'ou[(r)lz drCoqumb interaction)

K(Q;a,R) = - calculated numericall
(Q: @ k) (DO ar .
\
Spatial o » Two-particle wave function

2019. 12. 03. S. TRIPATHY - LEVY-HBT @STAR



Léevy fits and the Coulomb effect

»  Coulomb-correction (calculated numerically): Confluent hypergeometric function

1T+ .
D(r)= L (a,22R,7) V=7 (c,,,, ,lz") {4 F(=in,1,i(kr - :,r)) +[r o —1])
¥ v
\ /z ’/2 3-dim. mom. diff. in pair rest frame (gpcms)
P | Do) dr , = LEMMnC s
y &, = 2Hh

Lo I DY@ @)|2dr a

= Plane wave

» Two options for fitting:

* Numerically pre-calculated table for different Q, @, R values , .
M. Csanad, S. L6kés, M. . Nagy,

» Parametrizing the Coulomb-correction, using an empirical formula: Universe 5 (2019) 133
K(q; a, R)_l - F(q) : KG—c:mow(Q) : Kr:ul)d(q; a,R) + (1 - F(C])) . E(q)
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Shape of the correlation functions with Coulomb
effect included

C(Q) =1-2+2-K(Q;aR) - (1+e7IR%)

a=11 R=50Mm AL=02 a*11,R=30Mm =08 a=05R=50/m A=08

1.8? A« dependence a* 11, R=50Mm i=03 [ R dependence “""‘“C'"T‘UE :” a dependence a=07,R=501m, A=08
[ R=5fm, a=1.1 suRsomis |0 g8 0= 1 irmasenes 1 R=5fm, 1=0.8 S p———
1o 4=0.2-038 - enemies [ R=3fmo13fm  cooeseesee Lo gz (520

a=11,R=501m A=06 =reme @® 1, Reo80m A =08 mrme gw12, R 80fm, A=08

i ==~ a=11,R=560m i=07 mmm-@aeil,RoG0ImAin08 |
1'4?_ /\\ mvmir gu 1), R=60fm A=08 L =vmier @211, R=100Mm 2 =08 :F o R
TN a=11,R=501m i=08 , — @ ® 11, R 110, 4 =08
RN a=11,R=501m =09 N — . @=11,R=120Mm 1 =08

R Fa

a* 11 R=50m A=10

C,(Q)

a=14 R=50m A=08
a=15R=50m A=08
a=17.R=50m A=08
a*19R=50m AL=08

—— @I Re130Mm L =08 a*20R=501m A=08

W N L ' I 11 11 N W RN N 11 e 11 11 'S e T 1 1 r a1 4 L1 11 N
0-8) 0,02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Q [GeVi/c] Q [GeVi/c] Q [GeVi/c]

' |

2019. 12. 03. S. TRIPATHY - LEVY-HBT @STAR



A
N NNNNNNNNNNNNR mml//g/////////. -

m = =
AL

[

AL/
Fitting of the correlation functi
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- GOAL: DETAILED SHAPE ANALYSIS, EXTRACTING THE LEVY EXPONENT ALPHA

« COMPARE GAUSSIAN FITS (FIXED ALPHA =2) TO PREVIOUS PUBLISHED
RESULTS

« INVESTIGATE LEVY FITS AND BEYOND
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Gaussian (a = 2) fits — example fit

o 1OF STAR Au+Au @ s, = 200 GeV, 0-30%, ='x’, (m ) =0.395 GeV/c *
— preliminary
[ A=0. +0.00 H u —_—
"SE A=473im <001 m | Raw cor. functon * Gaussian fits: fixed a = 2
~ o =2.00 +0.00
14— £ =-0.017 + 0.000 . - .
- N = 1.0042 + 0.0001 Co,R,a;Q) x N(1+€ Q) ROOT MinuitZMinimizer framework
I conf. level = 0.
3 W o +  x2/NDF ~ 2500-3000/270
12—
. » Fits are statistically unacceptable
1.1+
H « Ris compatible with previously
{lefet= mevemeeeecececceeaansd
e Y W U VS S S S T S S S S . .
| A ¥ & measured 3D Gaussian radii
sd S Ty, CayRs
%:é%: ¢ ‘( e t‘,:i{'b:;::“(’ﬂ . (Rout'Rside'Rlong)
T B e X | TS
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Gaussian (a = 2) fits — comparing with published results

E E STAR Au+Au s, =200 GeV, n'n*+n'n, Gaussian ( a = 2) fits
€ o5l .
oS¢ v $  Rirom C,(Q) 0-30% preliminary * (Gaussian fits: fixed a = 2
61— ® R, 510%, PRC92(2015)14904 o A
e e 2 R 510% PRC92(2015) «  ROOT Minuit2Minimizer framework
eel "y i Ry, 510%, PRC92(2015)14904
E ‘e ¥ Ry, 5-10%, PRC92(2015)14904 * X 2INDF ~ 2500-3000/270
S A * - B
= NS  Fits are statistically unacceptable
45— e
n A & - - - .
= "ep « Riscompatible with previously
4r— <
= e . -
- e, measured 3D Gaussian radii
’ ‘_— <+
3 E TR NN YN TN N WO T TR TN THNNN TN N TN SO THNNY TN NN TN TN NN NN N TN SO TONN N (N TN TN U U NN (Rout' RSide' Rlong)

0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Levy fits (free ar) — example fit

$) 1‘6: STAR Au+Au @ s, = 200 GeV, 0-30%, ='x, (m ) =0.395 GeV/c *
= preliminary
1-5:— ;Z%ﬁz fﬂ? .210-04 fm + Raw corr. function * Levy ﬁts: free a
[~ a=14110.01
14— £ =-0.011 + 0.000
: o o ooty ) e e ¥2/NDF ~ 400-900/270
1.3 ] t;onf. level = 0.0000 2
I R N(1+€ Q) *  x“ drops by a factor of 3-5
- Q= 25MeV can be described
1.1
=B much better
| — "L"i""‘vl B *  Low Q behavior is not described by
g 25— o‘.’.’ ' Qx. ..&. . ., . .‘0. .
R SRR R L R LR = s
8-3F ’ | i ‘ (similar for all cuts, also for g;,y)
o B X X T S

2019. 12. 03. S. TRIPATHY - LEVY-HBT @STAR



Summary, outlook

*  Ongoing two-pion HBT correlation analysis of data from Run-10, 200 GeV Au+Au

« Current status:
« Leévyfits:
x%/NDF ~ 1.5-3, low Q behavior is not clear, fits cannot describe the data at Q < 25 MeV
*  Possible improvement (work in progress): Lévy-expansion fits

*  Qutlook:
* Inclusion of systematic uncertainties in the fits,
trying different expansion methods,
investigating the details of my, centrality and /sy dependence

Thank yvou for vour attention!
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What shape could describe the data well?

» [ssues with the simple Levy fit: 1 fned
 x?/NDF ~ 1.5-3 (even with ignoring low Q) t=0QR  tna= EF( a )

 Very low Q range cannot be described '\
« Strong dependence on Q;nin Ho,a Hr,a  Hna
lf‘l, « /12, (4 Hn+ 1, a
L,(tla) = det :
 Possible improvement (work in progress): Lévy-expansion: “n—ll.a Hna ”2";1:‘1
t t

+ COW@=1+21-e7RA%. (1 + T3, cply)/
c C@Q=(1-2+2-K@Q;a,R)- (1 +e R . 1+ X2 ,c,L))-N-(1 + £Q)

M. B. De Kock, H. C. Eggers, T. Csérgo,
PoS WPCF 2011 (2011) 033.
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Parametrizing the Coulomb-correction, using an
empirical formula

Parametrized Coulomb-correction: M. Csanad, S. Lokos, M. |. Nagy, Universe 5
(2019) 133
F(q) = . 2mn
1+ exp (%) KG‘"""W(Q) = e2mn — 1 E(q) =1+ A(a, R)exp(—B(«a,R)q)
q A

'\ I '\
K(q; &, R)™" = F(q) - Kedmow (@) - Kmsa(q; @, R) + (1 = F(q)) - E(q)

v

AppyTm,. R
-1 A(a,R) Engrflc -
Kmoa(@;a,R) =1+ . -

14 B@R) IR+ c(a,R) (ZR) + D(a, ) (IR)
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Parametrizing the Coulomb-correction, using an
empirical formula

- Relative deviation of the parametrization from the numerically calculated lookup

table: 0.003¢
: M. Csanad, S. L6kos,

;_.0'002 3 M. I. Nagy,
Lot Universe 5 (2019) 133
(14

o — I

-0.001
~—R=3fm =—=R=4fm
-0.002
! R=5fm ==R=6fm
-0.003 R=7fm =—R=8fm
-0.004 R=9fm R =10 fm
-0.005 —R =11 fm R=12fm
1 J 1 ] i rl | 1 I I | 1 I
-0.006 0.15 0.2 0.25 0.3
Q [GeV]
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Kinematic variables of the correlation
function

Info from the tracks: E, py., py, P

Qiny = \/(51 — Ey)? — ((Pu = Pz,x)z + (p1y — Pz.y)2+ (Pry — Pz,y)z) = \/qg,wm — Qicums

(EZ-E%)-(?,-vi,)

do,LcMms = =
2
J(El +E3) —(Pu'*'l’zz)

2(p1zE2—p22E1)

\/(El +Ez)2—(Plz+Pzz)2

2 2
dr = J(Pu - sz) + (Pl.y - Pz,y) » zLcMs =

2., .2
Qicms = \/ ar + 9z 1.cms
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Kinematic variables of the correlation
function

*  Qinv = |qpcms|, In PCMS the source is not spherically symmetric (but in LCMS it is, approximately, see figs.)
Measurements in Q¢ Qives similar radii magnitude as three dimensional (q gy, sider Giong ) MEAS.

* Tocompare A and R with 3D (LCMS) results, |q| in the same frame (LCMS) should be used

® 0-5% 20-30% ¢ 50-60%
_ PHENIX 0-30 % Centrality AusAu f-‘. 200 GeV
il 30-40% * 60-70%  Rp) e [ ;A ‘ et
O 10-20% Y 40-50% R fe) 10 Piya. Rew. C 07, 064011 1 R e 10 . . € 07, 084011 | 1 ’%73’,."..';‘:3' o
Rout (fm) Rsido (fm) Iong (fm) !L.,” . Mﬂl {t { I h
6 “‘t..q ;?!iziilisln, | "M’;”Hiﬂtqu! l Ml il ”l
ded o elf% e ofyy 0 a1 il B T i
3 & ! RUlll ‘h* l‘ [ preliminary Rsidc ! RlU"J
3 04 0. 3 0. 0.3 0.4 0. T T L T Y R T TR U T T L T T R TR TR T T
<m,> (GeV) " [ m, [Gevic’) m, (Gevic')
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Kinematic variables of the correlation
function

* A more appropriate one-dimensional variable: LCMS three-momentum difference

. 2
Q = lqucus| = \/(plx — P2x)* + (Ply - P2y) + qlzong,I,CMS
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Kinematic variables of the correlation
function

* A more appropriate one-dimensional variable: LCMS three-momentum difference

. 2
Q = lqucus| = \/(plx — P2x)* + (Ply - P2y) + qlzong,I,CMS

ete™,\/s = 91 GeV, rr correlations

18
14 |

R(Q.Q,)

12 |

1

08 | Qinv = 0
0.6

0.4 ()2‘()..2 (all events)

0.2 |

0 02 04 06 08
Q* (GeVY)
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