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Microscopy and Wavelength

e \Wave + object = interference, if A < length scale
e \Wavelength of light 3-600 nm: smaller objects not

o resolvable due to interference
(Lpym = 10® m, microscope)

e Electron microscope: nanoscope
o 1nm=10"m=10 A resolution
o Visible biological nanostructures

e Size of atoms: approx. 1019 m
o Atomic force microscope!

e Atomic nucleus:
o 1fm=10"m
> Femtoscope?
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Single photon interference

What happens in double slit experiment with weak source?
Only a single photon arrives at a time

Smallest possible energy packet, cannot split!

Will there be interference?
Yes, but appears sequentially

e Photon interferes with itself?
e T[he two possibilities interfere!
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A SURPRISING DISCOVERY: HBT CORRELATIONS

Radio astronomy: Jansky, 1933, weird 24h oscillation; stars also emit EM radiation in the radio domain!

R. H. Brown: investigated radio waves from stars
e Jordell Bank (optical and radio telescopes), tabletop experiment (optics), Narrabri (stellar interferometer)

R. Q. Twiss helped to understand results mathematically
Weird correlation in all experiments: joint intensity "too frequent”, interference?

~Interference between two different photons never occurs” B
P. A. M. Dirac, Quantum Mechanics (Oxford UP, London, 1958)
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A classical description of the HBT effect

Detector A: average intensity < IA > from sources a
and b

Detector B: intensity <15 >

Depending on source size, many geometries possible

Average joint intensity: <1, 1.>
Very simple treatment, but works approximately % -
: , I Ip> 1 C I
Brown’'s measurement : — _StalB — - )
C(A) <Iy><Ip> 1+ ZCOS(A) =
n -
. C(A)—-1
A = %, ifd << R<< L, measures C( 1 cos(A) G [
(0)-1 = |
©
Size of pointlike source (star) measurable : @ B
30 nano radians (Sirius) 51
[ | G () (S [ P

Nanoscope (in radians) here comes first measurement .
pe ) detector distance
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Evolution of matter in /-/I coflisione

e One of the main goals of high energy
physics: investigate and understand this
matter

%, K. p.. e ’'Little bangs® in huge particle
time o / accelerators
%950, i "
\ T 7 Tto e Deconfined matter created
y AAFree

Mid Rapidity

e Matter freezes out extremely quickly
(~10 fm/c), then free streams

e How to access the spacetime geometry?

e Via HBT correlations of frozen out

Hydrodynamic hadrons!
A Evolution Pre-Equilibrium .
Phase (< 1) ° measurement of space-time
» characteristics R, cr ~fm of particle
a) without QGP \ b) with QGP = production using particle correlations due
\ to the effects of QS and FSI.
A 5 (short range) 7




Femtoscopy : two particle correlation

Femtoscopy (originating from HBT):
‘the method to probe and properties of the

Space-time properties (107°m, 10723s) can be determined due to
two-particle correlations that arise due to:
Quantum Statistics (Fermi-Dirac, Bose-Einstein);

Final State Interactions (Coulomb, strong)

Pairs from the
determined assumed measured /V same collision
Sgnl(k*)

Bckg(k*) \‘ Pairs from

different collisions

C(k*, r¥) = JS(F*) BRG]~ * =

Sr*) - source function

W(k*,r*) - two-particle wave function (includes e.g. FSI interactions)

Sgnl(k*) ol o8 . q> Gipy» R* —pair-momentum
————— - correlation function . 8
Bckg(k*) component (depending of the reference frame)



Femtoscopy : two particle correlation

If we assume we know the , measured
used to determine of

Pairs from the
assumed determined measured /v same collision

Sgnl(k*) .
Bckg(k*) \‘ Pairs from

C(k*, r*) = J5<r*> |G °r * =
different collisions



Femtoscopy : two particle correlation
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Two-particle wavefunction
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~

C(k*, r*) = JSW |G, ) | dPr * =

Object of study of
non-traditional femtoscopy

Correlation function

Pairs from
the same
collision

Pairs from
different
collisions
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How correlations are obtain?

1 2 https://doi.org/10.1103/PhysRevLett.83.31
4 38
2000 —— Singlet 15,
. \ —— Triplet 35,
Potential
1500 - '
7 i 37 ]‘ r = — 2
) ) Vusmani = Vo — |V — 1"0’05\ *Op Tn-
Numerical solution for %
Schrodinger equation S 1000 A p— B\ 2
- V?'::lrk'<l—kefp — 3
8 d
o)
Q.
Exact solution 500 7
Wave function 0- SN PR | —.

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

. : radius [fm]

https://indico.mitp.uni-mainz.de/event/191/contributions/3148/attach
ments/2450/2649/VMS BORMIO2020_ final.pdf
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How correlations are obtain?

e O . ___ - s w1 fr
V4 \ \x_/ E Lednicky model (Usmani parameters)
I \ ) ) 1.6
| SOU rce | Potent|al 1 55 Schrodinger equation (Usmani potential)
' l BE
I I 1.4
: Analytical : Numerical solution for 1 3_
: : Schrodinger equation ~E rp (fm) = 3.00
' | 1.2F Arp= 0.53
| | E
I Weights | 1.1F
| | -
| | 0 95
| - | e
‘ ’ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
‘. 7 0 0.05 8.1 045 0.2 025
_________ -

K (Gevic)

. . . . . , , https://www.das.ktas.ph.tum.de/DasDocs/Public/PhD_Theses/arnold-oliver_thesis.pdf
https://indico.mitp.uni-mainz.de/event/191/contributions/3148/attach

ments/2450/2649/VMS BORMI02020 final.pdf Please follow Robert Oliver Phd thesis (HADES : GSl)
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How to measure correlation function : Exp ?

e Momentum distribution of pairs: many effects ;g: O
o :53 ."‘ Actual pairs A
e Detector acceptance and efficiency < & Background pairs A
e Kinematics (momentum distributions)
e Event mixing, distribution of actual & T L)
. q [GeV/c]
background pairs: A g, B(q) e
. E.
. . . O Correlation function
e Background via pairs from different events: no = -
quantum statistics 2
e Correlation: ratio C g = A(q)/B(q) 3 I e
- Bose-Einstein peak
0'90: S R T TR T R ¥ Y 13

q [GeV/c]



Basic idea: take NIoool separate (but
similar) events (i.e., in centrality or
vertex location)

Take an event with N pions

Method A: pair all pions of the pool to
all actual pions

Method B: pair all actual pions to a
random selection of N background
plons

Method C: create a randomly selected
mixed event, pair internally

Other possibilities exist...

N;)uul

N])r)u[

gue—

method A
DOV

method C
VDOVO

QOO0

| 0QO000
method B - DO

-

POV
QOO
VOO

POVOO

P00 :



Experimental challenges : merging/splitting

e Tracking: detector hits used to reconstruct Ir - _|‘

particle tracks T e — Y
e Merging: hits by close particles reconstructed L

as one track /.
e Splitting: hits by one particle reconstructed as /

two tracks

e Need to cut this:

D 0.8 Entries 6 81284e+Q8

proton_proton Ae VS Aq) (RPC) DeltaThetaDeltaPhi_ppRPC // /1 // ’Aj

25000 /

20000

L o
04 \ \ A *U( *‘\/
5000 \ \ \% )(\ )(\
06 T (AW AW (WA
0.8 A N S el A clearly . : likely
3 2 -+ o 1 3 Ad 0 P possibly split tracks 6, Bracke 15

we are too close



HADES UPGRADE

7

HADES

Forward Detector

2T o B ?
7 W r

Spectrometer

e SIS-18 beams: protons (1-4 GeV), nuclei (1-2 AGeV),
pions (0.4-2 GeV/c) — secondary beam

Straw Tracker ppc

Fo‘m‘hrd

e rare probes:( e*, ), strangeness: K0, A, =", @ -  Lmeter
o AM/IM-2%atp/w

e PID :n/p/K~dE/dx (MDC) and TOF: o, . ~80 ps (RPC)
e electrons : RICH (hadron blind)
e neutral particles: ECAL

MDC il

MDC I

Geometry :

e full azimuthal, polar angles 18° - 85°
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Event Display

HADES Ag-Ag collision

Spectator-Nucleons
Overlap-Region

Ebeam
o6
s,

Ag-Ag @ 1.58 A GeV
(march-19 data)

Projectile

Duration : 430.9 h

Events recorded : 13.64 x 10°
Mean event rate : 8.8 kHz
Data recorded : 333.6 TB

10648

et/e- Cherenkov Rings

PID: Velocity vs Momentum - RPC )ib%3 = " The 15 target segments are
8 ' =] 2 B determined by a 15-fold Gaussian fit
s 1.1 140~ : . .
—90 N _' . o s function with a common standard
g- 1 L 2 z deviation (o).
—80 B =
0.9@ 1201 . Target
= 70 | = ,g 80F : i
0.8] - ; 3 5
' 60 b 5 W ) © 70F :
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p x g (MeV/c) Sl o
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photon-photon femtoscopy

Measure source properties at early stages -> inaccessible for hadrons

for more detail contact :
mateusz.grunwald.dokt@pw.edu.pl

e Estimate direct photon yield via femtoscopy

e Experimentally challenging

&

—
N

Mid Rapidity

Hydrodynamic

Evolution __ Pre-Equilibrium

B Phase (<1,

=

a) without QGP / \ b) with QGP
I/,,- ~

A7 B

J. Stachel. K. Reygers, QGP physics SS2015 6.,
. Space-time evolution of the QGP”
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Collisions
Direct Decay
Stable hadrons: z°,1,K’,...
Prompt Thermal Other
Fragm.
Jet-medium
QGP Jet Hadron
Hard scatt. Bremsstr. Bremsstr.
Hadron gas

Pre-equilib.

Resonance

Gabor David, Reports on Progress in Physics 83.4, , Direct
decay

real photons in relativistic heavy ion collisions”

v-y correlation function

LL 1.3 L
O [
HADES work in progress ]
1.25 .
Finite resolution
11 — full CF included =
T e direct source i
Directy, | oumld @000 ..k decay source ]
® p-10fm (B S — ° peak ]
1.1 : 2 .
3 _ 1 Ndlrect 14
r direct — 5 2
1.05 2 Ngy y
-3
—l Ll I | B - I AL - ‘ Ll Rk ) - I V- | I el l_
0

20 40 60 80 100 120 140 160
Q,,, [MeV/c]

INV

Qinvy = myy = J2E1Ez(1 — cos(ayy))
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for more detail contact :
mateusz.grunwald.dokt@pw.edu.pl

photon-photon femtoscopy

Electromagnetic calorimeters (ECAL) RESEIGHGH
\ (Energy’ tlme’ angular) . I I I 1 I l | 1 | I 1 I 1 I 1 | I I 1 | 1 l I 1 I I |
og 6% ¢ E. Ag+Ag |5 ,=2.55 GeV 0-40%
E \/F(GeV) %10'1 © b HADES work in progress
g, < 300 ps S10° . ¥ o
O-g'cp — Z ®
1—10—4 :
10°° .
10°° .
107 ’
* Photon definition: 108 .
« No matching with charged tracks or hits in ToF detectors .
« Energy > 100 MeV 107 T
« [ within 20 from expected photon peak (3=1), adjusted tola li g Lo ada g ls sl el iyl
b P P paak (3=, ad| 1070 4 6 8 10 12 14

for each module (and time of beamtime) N, jovent [MeV/c]
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photon-photon femtoscopy

A) o LI ISR B LSLEN I SR ELRTLEE L) ST U | LER RS - S | LI UL | LI I L . A>
z == - S 2 u LS 3 z
o 4 Ag+Ag |5y, =2.55 GeV 0-40% ZOVrrelation { oo 14f Ag+Ag |5, =2.55GeV0-40% YY 4 g
(u). 1.35F HADES work in progress = %’1 35: HADES work in progress correlation '(‘5
o ] C  merging corrected ]
1.3 z 1.3F -
1 25_:__ 2 g _; 1 255 .- - E
1.2F + _+ UrQMD + HGeant] 1.2F . + UrQMD + HGeant]
1.15F ’ s g 115} . v o =
1 1:_ 2 .'”'. B —— 11 - : .o“o. A -
1.0~ o % o 1.05F, o e 5
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Nyy pair (QINV)

puritysim (Qiny) =

Nany pair (QINV)

CF(QINV) =il

£ 0

CFpur corr(QINV) =

Qivv = \/(5{ o P—z))z_(E1 e Ez)z

statistical uncertainties only

purity (Qnv)

for more detail contact :
mateusz.grunwald.dokt@pw.edu.pl
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Interferometry of Direct Photons in Central 208Pb 208Pb Collisions at 158A GeV, Aggarwal,
M. M., Physical Review Letters, 93(2). doi:10.1103/physreviett.93.022301
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CF(Qvy) =1+ le('QlNVZ'Rlez)

for more detail contact
mateusz.grunwald.dokt@pw.edu.pl
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proton-proton and proton cluster femtoscopy

e Studies of excited / bound states Studies of decaying nuclear state presence,

Some of them impossible to see in traditional

e From two nucleons to many nucleons system, “ ] . T
mass invariant” distributions

relevant reference for neutron star studies

Femtoscopic correlations provide the access to

Femtoscopic correlations of: Proton - Deuteron .
these studies

Possible validation of the production mechanism

h

Protown - Proton
™ -:r:‘:‘;:;r:«;:.m

Proton - Triton
74

Coalescence Thermal

Proton. - Hellum-3
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Particle identification | Selected events, Multiplicity

1 1 b
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https://doi.org/10.21248/gups.68651

proton-proton and proton cluster femtoscopy

"Ag+Ag \[5,=2.55 GeV 10-30%
1751 HADES work in progress
From proton proton (2 nucleons) to proton — cluster (many nucleons) -
1.25 1 > .o.
k: (350,500) MeV/c ‘ +_°
61‘00 2000000000000 00000
e 'Ag+Ag |5, =2.55 GeV 10-30% 2 -
1.8 i HADES work in progress 5 — o
1.61 s 0
1.41 e '. 0.81 f'ﬁ m=255 GeV 10-30% 0251
ol % ‘ s HADES work in progress 0.00

° o 25 50 75 100 125 150 175 200

SIS + o G 061 s k*[MeV/c]
o8] oa] |alf 00 'Ag+Ag \[5,=2.55 GeV 10-30%
0.6 0 Q Q 1757 HADES work in progress
0.41 > \ 1.50
! 20 40 60 80 100 120 140 160 180 o0 25 50 75 100 125 150 175 200 - e®00,
k*[MeV/c] k*[MeV/c] : P s T T
0‘1"00- = 00ooooovvoosoen
Systematic uncertainties: o7 !
« Variation of A6 and A¢ B0t +
« Variation of no for PID oas{ |
0.00

for more detail contact : stefaniak.9Qosu.edu 2 3. 20 75k*[;\(4)§V/c]125 Be  WE 209 l



proton-proton and proton cluster femtoscopy

CF(k*) = | SG)|Y@*, k)|? dr

N Calculated with potentials:
p+p: V.G.J. Stoks et al., Phys. Rev. C 49, 2950 (1994)

. ; ; ; p+d: T.C. Black at al: Phys.Lett.B 471 (1999) 103-107
Gaussian source with a given radius p+3He: T. V. Daniels at al. PRC 82, 034002 (2010)

ks: (350,500) MeV/c

2.00
Ag+Ag \s\=2.55 GeV 10-30% fode] Ag+Ag \s\=2.55 GeV 10-30% =i Ag+Ag |5,=2.55 GeV 10-30%
1751 g HADES work in progress HADES work in progress 1.751 HADES work in progress
| 'z. 1.2 1
1.501 J 4 ON® | O
1.25 [ ‘g' . 1.251 A
5 *i( b‘. - Q 3 L 1.001 "f:. Q:{%g;....”00000.0000000000
O 1007/ © .
;I| ] /'
| 075 ;ﬁ
0.751 | Y 4
| _____ CorAl: Coulomb + QS + Sl CorAl: SI+Coulomb 0.501 p {
0.50 R=2.095 * 0.001 fm R=3.72 + 0.01fm f&’@ CorAl: SI+Coulomb
CorAl: No Sl CorAl: no Sl Q.25 ™ R=2.0-3.0fm
0:25] T T T 0.0 T T T 0.00 r ' ;
o 50 100 150 o 50 100 150 200 g 50 100 150 200
k*[MeV/c] k*[MeV/c] k*[MeV/c]

Good description of p-cluster CFs

for more detail contact : stefaniak.9@osu.edu
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proton-proton and proton cluster femtoscopy

2.00
Proton - 3He and proton - triton comparison
1.751 HADES work in progress
Ag+Ag @ Sy = 2.55 GeV -
% Centrality 10%-30% * Similar masses « Different charges ->
— > e REERR, SR MENE * Same baryon number different strength of
. . - .
1.25- = ‘A A coulomb interactions
F @ = . =y
E.o. ++¢¢.- A hhl Different stability
Ity A o
@
0.751 8 ZZLHe* —t+p _ 2SS ¢ R (v (t)<v,(p))
o = é" o o ¢ R (v (v ()
RaR .: gLi__) 3H8+p - T G‘W
+ .o. ® Proton-3He - [ u e :., [
2c 4 * 4 ; pe 0 0.05 0.1 0.15 0.2
0.25 +¢{ He | | Li | | E | proton'trlton ) a/(GeVic)
(o} 25 5O 75 100 125 150 175 200 ) '
Kk * [MEV/C] Tosl
Excited states of 4He™: Unbound ground state of 4Li: Fosl |J o mCHvEN
- E=2021MeV,Jt=0+T=05MeV, /M =1,k¥* =20MeV/c « J'=2-T=6.0MeV, “E , *Wiherne)
- E=21.01MeV,J =0, =084MeV, /I =0.76,k*,=63.3 MeV/c [l =1 k¥ =72MeV/c Yo T oss N
= * q ev/c
* E=21.84MeV, J=2T=2.01MeV, '/l =0.63, k*,= 56.6 MeV/c FOPI Collaboration:Eur. Phys. J. A 6, 185-195 (1999)
for more detail contact : stefaniak.9@osu.edu Effect of (possible) resonances might be visible
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Neutron Star and hyperon puzzle ?

https://royalsocietypublishing.org/doi/10.1098/rspa.2018.0145

e Neutron stars (NS) are the remnants of the gravitational collapse of

' | ' | ! 2.5 massive stars during supernova event.
_PSR 10348 + 0432 POR (2012)........ e Their masses and radii are of the order of 1 -2 M_and 10 — 12 km,
o - ———— —— —— S -y ) () respectively.
PSR J1614 — 2230
B g e Central densities in the range of 4 — 8 times the normal nuclear
= —— 115 matter saturation density, €, ~ 2.7 x 10** g/cm? (p, ~ 0.16 fm~3)

Hulse-Taylor PSR N Best suitable theory takes hyperons into account,

e Hyperons are expected to appear in the core of NS atp ~ 2- 3 p,

gravitational mass M, (solar mass units)

=110
| e Hyperons softens the EoS —> Reduction on maximum NS mass
nucleons and leptons | 05 e Observation of the NS with M > 2M_ is incompatible with such soft
nucleons, hyperons, . EoS
and leptons 1|
: l 1 0 ° Al’Fhough the existence of hyperons .is energeti.cally fav.orable, their
l 15 existence makes the EoS softer and is not consistent with the

. experimental results. This is the essence of the hyperon puzzle.
central baryon number density p (fm™)
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Neutron (uud, m = 938 MeV)

A Hyperon (uus, m = 1115 MeV)

/MA(’S‘ 1

Neutron (uud, m = 938 MeV)

7

Macs #

A Hyperon (uus, m = 1115 MeV)

Mags 2

Neutron (uud, m = 938 MeV)

v

=

3 Mags

kg

A Hyperon (uus, m = 1115 MeV)

33?

12t December 2023

=
=
-
=
Baryon fraction
|_\
o

e With increasing baryonic densities hyperons production

AN AW}

/ % O U,=+30 MeV
ST A N AN
f II i \‘\ \\ U_.=-18 MeV ~
L : ;\\ \ i
I ] ] \ /
| : EO ,' \ % /! /
i : AR y
= \ / /
b ALE P \ g /
| : A T U A
| 1 | | v / |
| | | | \ / |
L el g L) \y N |
0.0 0.3 0.6 0.9 1.2 1.5

Density (fm ™)

becomes energetically favorable

e Exact composition strongly depends on constituent

interaction and couplings
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for more detail contact : nsrathore.rajput@gmail.com

Sighal Reconstruction WD
DaulVD o
~
3 Event ™
* x10 V, reconstruction : p + T — A o Vertex A RN -
= Ag+Ag ﬁ =2, 55 GeV _ MotVD :
5 g0 30% most centlgal —— Signal+Background T —> ‘D_e,cay
8 120 s S Background (Event Mixing) VDX - Vertex
i i 89 80 0/ _ Dau2VD 2
S+B~ o —— Signal L Q
e , l ’
100 § § g — Gauss fit
80| - R = Reconstructed Lambda (p+ 7 — A)
; (2 2873 + 0. 01) MeV/c 0 0000 =i O E
: ! O B
! E .
- . -'(111502 +001)MeV/c .. . Sim
| | ? 1500
| ) Data B :
_>: B . Selected region:
40 = ) ; QWM%$HNMWM
: | HADES 1000
§ | ; | pre11m1nary
20 ......................... work ..... 'I'I‘I ....................... 500

progress

9100 1105 1110 1115 1120 1125 1130 09100 1105 1110 1115 1120 1125 1130 1135 1140
Mass [MeV/c] ! Mass [MeV/c]



p-/\ correlation in AgAg collision at 1.58 A GeV

—
x
N
E)" - ntralit
. p - A correlation signa 18 v o ao
2 10k —*—0:10%
B F —— 10-20% For all centrality classes
- HADES 1.1 ~'20 - 30% estimated purity for pA:
eo— * = 90% -92% * 3% (data)
preliminary g S oo e
T o= work in progress R IO ignk i edlOndeie)
1 5 "'I“%;;';:
L -+
L | -
- ol 0.7¢ HADES gl
o " X [#
i 0.6E preliminar = L
1 R A aaas et 2P0 8 piapress |20
9100 200 of
+ Experimental raw spectra - _ e
| — Model effec-l- 1i##5& ..... - GO /.r-:f;.:; .
0.5 IR e = Detect ....... reffects+ ..... 2T e
L. + Exp + corrected (detector+model) -
" 0.6
0_||||i|||| ||||i|||| ||||i||||i p— HADES
0 50 100 150 200 250 300 xor eﬁects WO:Lreilnw m;;rncagrryess
- O T | { i | | 1 1 Il 1 | { e | 1 111 1 { | I
k* [MeV /C Detec “0 100 200 300 400 500
for more detail contact : nsrathore.rajput@gmail.com - k* [MGV/C]
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The normalized pair separation distribution (source function) S(r*) is assumed to be Gaussian,

Ref : Lednicky, Richard & Lyuboshits, V.L.. (1982). Effect of the final-state

* — 3 4,,,2 interaction on pairing correlations of particles with small relative
S r == 2 7T’r'0 e 0 ) momenta. Sov. J. Nucl. Phys. (Engl. Transl.); (United States). 35:5.

The correlated function can be calculated analytically by averaging W* over the total spin S and the
distribution of the relative distances S(r¥)

S dOS S (1.* ~£S (¥
C() =1+ S w315 P (1= 572 + R A@) - 2 R@n)

with Fi(2) = [ dze® % |z and Fy(2) = (1—e %) /z

Decomposition for C(k*) — %(1 N )\C(k*, S = O)) ~+ %(1 + /\C(k*, S = 1))

spin channels:
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L How do we formulate this model?
A’ r0’ fOs’ dO f dOt

s’ "0Ot’

* Principle ways of generate the theoretical correlation function.
Lednicky & Lyuboshitz 1. T.he Led_nlcky—L.uboshltz se.ml—analy-tlcal model (utilized in CorrﬁtCumaF codc.es)
. provides an immediate correlation function value but may be computationally intensive

analytical model . .
due to integral calculations.
* 2. The first fitter employs ROOT minimizers, offering precise statistical uncertainty
estimation, but it operates on "continuous" maps with limited control over parameter
Calculate steps.

correlation function 3. The second fitter, Hal:Minimizer, accommodates

* "non-continuous" functions, allowing parameters to change in
[ fit ] discrete steps. However, it provides only approximate
uncertainty estimates.

v

for(int A=0.6; A <0.8; A+=0.1)

HAL : Corrfit -Cumac : framework

. for(intr0=1.0;r0< 4.0; r0+=0.1)
Experimental for(int f0 = 0.01; 0 < 5.0; f0+=0.1 ) Shecial Thanke to
correlation function for{ ini 4 = 0.01; 40 <5.0: 40+=0.1) Dr. Daniel Wilanek
for(intft=0.01;ft<5.0;ft+=0.1)

* for( int dt =0.01; dt < 5.0; dt+=0.1) and

Calculate Lednicky-Luboshitz Prof.| Yuri Sinyukov
X2 Ca lcu [ation correlation function : fit data
minimum determination .)(2 :value is éxtracted : minimizer
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L2
f...d . f, and d, parameters: x* value

Singlet
5
8 21
5 @ o 4.5
1.85- 4
1.6
; 3.5
1.4
3
128
- 25
.
0.8F 2
0.6 :— 1.5
0.4 Extracted par 1
02F f,. = 0.78 fm, d 8= 0. 0.5E
C S ; -
o= : 0E
0 02 04 06 08 1 12 14 16 18 2 0
fOs

for more detail contact : nsrathore.rajput@gmail.com
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1. A and R [fm] parameters : X? value

2. Fitted spectra with extracted parameters

s ¢ 1.8; }\_074 _080+039
4.5 ey 1k = Vi fOS — YOV _0.32
O 1.7 N vres
4 = HADES A — 0.01
- —— === _ 5 1,6: prel_jm-'nary U/US — UU L
3.5 = work in progress —
1.55% 1 +0.10
: MADES 140 -
2.5 wo rpkre'i n.I ‘; rnoagrryess - JK
. .214. ) |2|6| L 13:
e - 1.2F é@
1.5 104 =
1 10° 115 ‘ﬁi
102 1;
0.5 ] 10 0.90: [ 1 1 6 05I 1 | I0 1] 1 | d 15] | | IO 2] | | 0I25| | [ IO 3
% 05 1 15 2 25 3 35 4 45 5 ' ' ' ' K* M V/ '
for more detail contact : nsrathore.rajput@gmail.com R* ( e C)
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Parameters scan and Plot : r 1/3

vs A
Pa

0 rt

Strong interacting parameters ro vs A3
5.0 5
S. Acharya et al. (ALICE Collaboration) Phys. Rev. C 99, 024001 - Published 13 Feb 2019
https://doi.org/10.1103/PhysRevC.99.024001 . .
4.5 — Regression Line
1 3 . ¥ CLAS
do = 7 dos + 3 dor % L . E895
4.0 A
f _ 1 f + 3 f 4 STAR
0= 3 J0s T 1 JOt ® NA49(1)
3.5 1 - @ 3 - ¥ NA49(2)
C
= & P = ¥ HADES (Ar+KCL)
= 3.0 = " prea ALICE (Pb+Pb)
S = # HADES (Ag+AQ)
% s |
2.5 1 \
\
\ \
. Hades Ag+A
201 m Hades Ag+Ag ) resulg'lc °
predlctlon 'HADES preliminary
HADES Timi ‘ i
1.5 work 'ipnrep;om;rneasrsy wark 1 pragrecs Slope: 0.42
Intercept: 0.312
1 0 0 I I I I T T
1.4 1.5 1.6 1.7 1.8 1.9 2.0 £ - % B i3 8 = - 14
fn [fm] Apart

for more detail contact : nsrathore.rajput@gmail.com
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The Bertech-Pratt coordinates, HBT radi

e A choice for an 1D variable : Giny = 1/— (k1 — k2)?
e Shape : Gaussian (diffusion, central limit theorem)
e In genera]: C(va) =1 -+ )\e—R;quqy

side

e Pair coordinate system : @
* Out: pair transverse (L to beam) momentum OUL
* Long: beam direction Ooo’
e Side: perpendicular to both )
* Typically in LCMS (longitudinally comoving system)
* Zero pair longitudinal momentum, i.e. K* = (M, , K , 0, 0)
2 _ 2 2 _ 2 —
e Then: qo = ml;MT% Qout = % Qside = p2xp1thplwp2y Qlong = E2P1z];[:51pzz

 Mass shell condition: ¢" K p = 0 = q0 — %%ut = Bt qout
t

* From R?  matrix usually R, R, R, ~nonzero: HBT radii

out’ " side’ on

* Angular dependence appears (R) as well



Oatcame ecsence of hot dence matfter

First order phase transition

excluded

B PHENIX2n* Au-Au 200 GaV
A  PHENIX2n, Au-Au 200 GeV
¥r STAR2n 5-10% Au-Au 200 GeV
i | il
gg nﬁgg {g%réal‘g:‘hemg Equ |br|um)
{  Hydro+URGMD
Buda-Lund fit

L] 1 4 I Ll I L] T I LI l L] | 1
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Non-monotonicities may cignal the
Critical End Point (CEP)

* Qut-cide difference or side-average,

versug coll. enerqy

g ¢ PHENIX/STAR (b
16pg Mo (aL_* STAR ( 2
NE e Pb+Pb 1o ALICE
< 0-5% | m. =026Gevic
g 10 ,}ﬁﬁ . . § ,
”f': [ "% ¢ ;s ¥ ¢ ]
0:8 : 3 ﬁii
- 5 — -— =)
001 01 49 0.01 0.1 1
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& O
Sy o

©
AN
(Rside s \/E : E)/Rlong

Jransverse mass ¢cafing

observable

= trancverce flow
Slight difference between

kaon and pion pairs

- PHENIX Au+Au 200 GeV

3
.‘.
'
"
..igﬂ " ; E
-
3.u.=s........<.a>.
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PHENIX Phys.Rev. C92 (2015) no.3, 034914



Hadron - Hadron Interaction

S  HD:ibaryon
d
Uu

o/e

S
\ d

YN,YY,NNY

interaction

[

Hadron - Hadron vv

Interaction _
\_ )Q Neutron Star physics| |

. P OGQ‘p/ AT
Nuclet, Ory, i )

Hyper Nuclei q;'r‘itgn’ 72

™
o Att. or Rpul. ,
¢ ’ How strong,

p
’ p
O 1 erOm n H e to be bound or not be
A EZ del'}]" ?) n




Summary

Photon-photon correlation exhibits an enhancement at low
Q,,- Additional, unknown background contribution was
observed. Complementary study with photons reconstructed
via conversion method is ongoing.

« Strong interaction parameters have been determined from
proton-lambda correlations. Estimated source radius is
consistent with proton-proton correlation.

* Proton-proton and proton-deuteron correlation functions
show good match with theory. Signatures from 3He* and
3Li decays of were observed.

« The same analyses will be performed new HADES data from
p-p at \/Syy = 3.46 GeV.
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HADES

for any specific detail please mail : narendra.rathod@pw.edu.pl




Summary

The correlation signals in Ag-Ag collision is extracted : p—-A, v
Resolution effects (8, ¢, p) studies are performed, fits are available for MC ¢/

Systematics studies are performedv/
Detector effects, purity determination and model interference are studiedv’

o W N

2nd stage : (towards strong parameters)
5. Use Lednicky and Lyuboshitz (LL) analytical model
e source radii (R), v/

e extract strong interaction parametersv
e Uncertainties ¥ (x> method donev’, ALICE bootstrap technique under progress .....)

6. adding proton and lambda resolution resolution to smash model with LL weightsv/
7. Few cross-checks needed to lock obtain parameters : resolutionv’, check mT / pT ¢ scaling, rechecks centrality results,

acceptance check. Reculte will be ready for publication (S tay tuned)

What'’s next ? (new ideas to explore)
8. physics behind heavier hydrogen (deuteron) interaction with lambda (d-A) will be interesting.
9. also opportunity to work with new HADES (p-p collision)- data for femtoscopy studies.........
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Result: STAR and LHC data

RHIC : Au+Au @ 200 GeV and STAR : LHC Pb+Pb @ 2.76 TeV : Testing fitting procedure

2.2F g ; g g g g 3
B E Pb+Pb @ YsNN = 17.3 GeV, SPS experiments E
2 - . _ _
: Fit extracted from paper r'™™ = 3.22 fm 2.5 B STAR pA ® pA
1.8} \\ T — - — Obtained fit: r, = 3.12 fm
B aline |.r0= o m 2 ®
£ 4 B \ = N -~ fit from paper
< L |\ x HN
L - | }
1.2} ’\\H L L B e e e e L
i bt | 08
0 002 0.04 0.06 0.08 0.1 0.12 0.14 0O 005 01 015 02 025
k* (Ma\//r) k* (MeV/c)

for more detail contact : nsrathore.rajput@gmail.com
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Geometrical definition of the

Armenteros-Podolanski variables pT ’US Qo =

Example : A - p + 1T

—
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o
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N
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HADES : Additional boost to daughter particles
Low energies > TVector3 beta (0., 0.,0.99); —~ Corrected

for more detail contact : nsrathore.rajput@gmail.com
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Proton resolution

Reconstructed (+ ID check) proton momentum deviation Reconstructed (+ ID check) proton 6 deviation
;s F Enties 2536405 il 0-2r o "%-. £, " [_hPonThela =) 0.151
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for more detail contact : nsrathore.rajput@gmail.com Mom,,, [ MeV/c] Momy,, [ MeV/c ]
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ambda resolution

Reconstructed (+ ID check)

Lambda (p) deviation
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for more detail contact
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3 Reconstructed (+ ID checl Lambda (8) deviation
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-+ Experimental raw spectra

-+ Model effect

-+ Detector effects + model

-+- Exp + corrected (detector+model)

*&%m*
\ ’-u‘.ﬂl!l |I|I|)‘{" 1’///

for more detail contact : nsrathore.rajput@gmail.com
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Armenteros-Podolanski plots

Armenteros-Podolanski plot (with MC tight)

Armenteros-Podolanski plot (with MC tight)
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HADES : Additional boost to daughter particles
Low energies TVector3 beta (0., 0., 0.99);

for more detail contact : nsrathore.rajput@gmail.com

—p Corrected
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AB vs A distribution

A6 vs A6 (RPC) signal A6 vs Ad (RPC) background

<) e 0
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Lednicky & Lyuboshitz analytical model
2>.

where the wave function W* represents the approximate stationary solution of the scattering problem

C(k*) = <|wikx(r*)

Pt )=%" 4

The effective range approximation for the scattering amplitude is

~1
f3(k*) = <§—§d§k 2 _ ik ) .

where fosis the scattering length and doS Is the effective radius for a given total spinS=10rS=0.
The particle is assumed to be unpolarized (the polarization P=0) :
singlet state p, = % (1 - P?) and triplet state p, = % (1 - P?).
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Energy-loss correction

Reconstructed (+ ID check) proton momentum deviation

Reconstructed (+ ID check) proton momentum deviation
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Systematics check (few of them)

PID variation

x10° ! x10°

Lambda (p + = — A) signal

.
S

Reconstructed Lambda (p+ 7 — A )
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Femtoscopy : two particle correlation

Goal - measure source's space-time characteristics and interactions between particles through low relative

momentum correlations.
Theory
y
1» Single particle emission function : Correlation function :
27\5\‘1& e P(p) = fS(:B,p)d * C — —»\ __ P(p1,p2)
' | | . | (p1,p2) = ——5
b .}g ¥ Two particle emission function : N P(p,) P(pz)/
e X
— — > = = = Y = =2
R~10""%m P(plapl):fs(mlapl;m27p2) (wl,pl;xz,pz) d3$1d3$2
z T~10"% 5
T — ticle' 1t .
v T parmee SposvRon Experiment
p = particle's momentum
U(z1,p1;3,p5) = twoparticle'swave function Correlation function :
S(Z,p) = source function

Nsame (Qinv )

— = .
" q = |p1 — p2| = momentumdif ference C(q ) .
_ . . . mo -
‘ Name (anv) = same event distribution Nmi:ced (quu) 52
Nnized(Qiny) = mized event distribution




Femtoscopy : two particle correlation

| Proton - proton correlation function, Rinv= 3fm |

-
2

Effects and interactions :

CF(Qinv)
>

e QS — quantum statistics
(Bose-Einstein or Fermi-Dirac),
identical particles

0.8

0.6

K |||||||||"|||"|

¢ ! =05 e Coul — Coulomb interactions,
—s— QS+COUL .
e as+couLss) | charged particles

0.4

0.2

T TT1

P T e ] § 68 ) S [y o FRSETVAC T I VI O |

o =t l e l 0 0
v H:r.w(r); PaoL;:i):a Z(t])'r%izczoy;g,aprivg.t.:a cor(:;::uni?:;t‘i‘on 0'160"“1;1[?33V/?=']2 L S| - Strong InteraCtlonS,
e | hadrons
q = |p1 — p2| : momentum difference
r = |X; — X,| : relative distance
CF < 1 : repulsion
CF(r,q) = J SRR ¢+ : |
CF = 1: no correlation

CF > 1 : attraction

Determine the geometry
and dynamic properties
(traditional femtoscopy)

Determine the interactions

(non-traditional femtoscopy)
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