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Femtoscopy Correlations
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Femtoscopy Correlations

Ck*) = | SG*) | PE* 7)) |° d°r* =F

2.00
1.75 CorAl Gaussian source R = 3.0fm e
1.50 proton+proton O Attractive for opposite sign particles
= O Repulsing for same sign particles
2. Quantum Statistic:
1,00 [ e O DBosons: positive
e O Fermions: negative
3. Strong Interactions:
0.50 O Can be both positive or negative, depending on potentials
0.25 1 —— Coulomb + Quantum Stat
—— Coulomb + Quantum Stat + Strong Interactions
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Motvation A: Sensitivity to EoS

Scott Pratt lecture at GSlI: , Foundation of femtoscopy”

Plienomenology: (onstraining EeS

Bayesian Analysis
Spectra, v,, Femtoscopy
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S.F. PRL 2008 pi (MeV/c) pi (MeV/c)
S.Pratt: Phys. Rev. D33:1314,1086
72\

G. Bertsch, M.Gong, M. Tohyama: Phys. Rev.C27:1806-1000,1088
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Mouvation A: Sensitivity to EoS

Scott Pratt lecture at GSI: , Foundation of femtoscopy”

Plienomenclogy.: (Zonstraining EeS

Bayesian Analysis
Spectra, v,, Femtoscopy
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Mouvation B: Thermal vs Coalescence

Snowball in hell puzzle

» Thermal models well reproduce the yields of hadrons

and

e For |

ig
ig
» Temperature of the source ~ 60 MeV (@ SIS18)

nt nuclei

nt clusters the binding energy per nucleon < 10 MeV

D. Oliinychenko: Nuclear Physics A 00 (2020) 1-9
A. Bzdak, S. Esumi, V. Koch, J. Liao, M. Stephanov, N. Xu: arXiv:1006.00936
D. Oliinychenko, L.-G. Pang, H. Elfner, V. Koch: Phys. Rev. C 99 (4) (2019) 044907

V.Vovchenko, K.Gallmeister, J.Schaffner-Bielich, C.Greiner: Phys. Lett. B 800 (2020) 135131 %%éé%x
6 X. Xu, R. Rapp: Eur. Phys. J. A 55 (5) (2019) 68 M. Stefaniak TADES




Mouvation B: Thermal vs Coalescence

Snowball in hell puzzle

Thermal

Coalescenc

Thermal:

% Hadron resonance gas in a global equilibrium until
sudden chemical freeze-out

% So good agreement with data that starts the discussion
about puzzle

Coalescence:

% Light nuclei are not created at the
chemical freeze-out

D. Oliinychenko: Nuclear Physics A 00 (2020) 1-9
A. Bzdak, S. Esumi, V. Koch, J. Liao, M. Stephanov, N. Xu: arXiv:1006.00936
D. Oliinychenko, L.-G. Pang, H. Elfner, V. Koch: Phys. Rev. C 99 (4) (2019) 044907

V.Vovchenko, K.Gallmeister, J.Schaffner-Bielich, C.Greiner: Phys. Lett. B 800 (2020) 135131 %&N
7 X. Xu, R. Rapp: Eur. Phys. J. A 55 (5) (2019) 68 M. Stefaniak TADES

% Nucleons bound together later



Mouvation B: Thermal vs Coalescence

S. Mréwecezynski, P. Ston, Acta Phys.Polon.B 51 (2020) 8, 1739-1755

The formula (21) has the same form as Q7]) but the source function dif- S. Mréwczynski, P. Ston, arXiv:2103.15761[nucl-th]

fers. When deuterons are directly emitted from the fireball as ‘elementary’
particles the radius of deuteron source is the same as the radius of proton
source. When deuterons are formed only after emission of nucleons from the
fireball, the source becomes bigger because the deuteron formation is a pro-
cess of spatial extent. More quantitatively, the souree-radius of deuterons
treated as bound states is bigger by the factor 1/4/3 ~ 1.15 than that of
‘elementary’ deuterons.

B SR —

Validaton method:
- R(g) Compare the radius of proton emission source and
) . p-D /c/leuteron’s one
4 | X i ﬁ Ry =K,
Thermal: : ~
N | R,y =R} +R2 = R,\/2
. k " h q [M;V] 22” | Rd — 4/ Sde \ ’/
Coalescence > >
dez \/Rp + 4/3R; A\
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Mouvaton C: Bound States

Hanna Zbroszczyk, lecture at CBM Juniors” Day: Correlations at the femtoscopic scale

Y-N and Y-Y Iinteractions

| HADES HIC:
75MeV < Ti< 90 MeV

Experiment: Limited knowledge about Y-N and Y-Y interactions.

Theory: Major steps forward have been made (Lattice QCD).

Numerous theoretical predictions exist, but no clear evidence for any such bound states, despite many
experimental searches.

T <50 MeV
p <2-6 py

The existence of hypernuclei is confirmed by attractive strong Y-N interaction -> indicates the possibility to
bind Y to a nucleus.

The measurement of the Y-N and Y=Y interactions leads to important implications for the possible formation
of Y-N or Y-Y bound states.

A precise knowledge of these interactions will have impact to the physics of neutron stars.

The structure of the neutron stars cores is still unknown, hyperons can appear there depending on the Y-N

and Y=Y interactions.
Relevant reference for the NS studies! T — AN



HADES experiment

High Acceptance Di-Electron Spectrometer

Fixed target setup:

% Higher interaction rate than in the collider mode

% Challenges: d rays, y conversion, interactions of beam MDC IiI
with the surrounding material

Acceptance:

% Full in the azimuthal angle

% From 18° to 85° in the polar angle: adjusted for good
coverage around mid-rapidity @ ~1A GeV

New detectors installed since 2019:

% RICH photodetection plane in cooperation with CBM
% Electromagnetic calorimeter

% Set of forward detectors in cooperation with PANDA

7\
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Work 1n progress

In experimental analysis:

« Applied corrections for the 2-track effects
(merging) with double ratio method (more in
backup)

» Residual corrections negligible deuteron

 Purity corrections negligible

* Only statistical uncertainties

No yet applied: e
« Momentum smearing on theoretical functions compared to data triton
* Systematic uncertainties

Due to expected high systematic uncertainties the results for k* < 15 MeV /¢ are covered with blue band.

S



Proton - proton

Fitting procedure using the CorAl software (author: Scott Pratt, MISU)
and HAL (author: Daniel Wielanek, WUT)

2.00
Coulomb and positive caused by Strong Ag+Ag @ 1.58A GeV
Interactions 1.50 - Centrality 10%-30%

proton+proton
e , o0
B Initially extracted Radius equal to 2.33 fm
(work 1n progress) o e
O.75 +
Strong interactions: wave functions solved using Reid no momentum smearing
soft-core potential - from CorAl software 0.50 7
CorAl weights, gaussian source:
0.25 - R =2.331 * 0.006,A = 0.571 = 0.003
: : 2 _
B Reference for the further studies (next slides) ¢ HADES X°/ndf = 33.277
0.00 . J J T T T T
O 20 4.0 60 80 100 120 140
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B Negative correlation originating from both
Coulomb and Strong Interactions

B Approximate radius from theoretical
function: Rpq = 3.25 fm

Strong interactions: wave functions solved using
potential fitted to phase shifts - from CorAl software

Work in progress
= 2 2

R, = 2.331(6) fm

Theory function: CorAl

O

HADES work in progress
Ag+Ag @ 1.58A GeV
Centrality 10%-30%

proton+deuteron

—— Coulomb: R=4.5 fm
—— Coulomb+SI: R=3.0 fm
—— Coulomb+SI: R=3.5 fm

no momentum smearing —— Coulomb+SI: R=3.25 fm
¢ HADES
0.0 - - - - - - -
O 20 40 60 80 100 120 140
k*[MeV/c]
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Proton - triton vs proton - *Helium

Similar masses, differentiate p < n
—_ 1.75 - HADES work in progress
Ag+Ag @ 1.58A GeV
VS 1.507 Centrality 10%-30%
0(29
P
1.25 T +¢¢ .
. L
S 1.00 1 ++ ....................... Y "........'.......'.“.."'
¢ CF: proton-triton
0757 . 3
: ¢ CF: proton-°He
B Due to 2 protons stronger Coulomb in p-3He
0.50 -
B Higher positive correlation in p-t as a result of
strong interactions and possible excited states (*He™) 0.25-
0.00 ' . . ; ; . .
o) 25 50 75 100 125 150 175 200

k*[MeV/c]
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2.00
4 Visible decays of 1.7 - HADES work in progress
B unbound ground state of 4Li— p + 3He AJ+AG @1.58A GeV
o0 . e, Centrality 10%-30%
P cxaited states of ‘e, p it
: ¢ O
: 1.25 $e O
Unbound ground state 4Li: 3.,
* @ '
e (]31; = 2_9 I“ = 60 1\/[(3‘]9 rp/r e 13 k:sl ~ 72 MCV/C) dé 1.00 1 ++ ....................... @ i !.!.Q‘.....'....."......‘....."..
Excited states of 4He: i o $  CF: proton-triton
° ¢ CF: proton-3He
(E=2021MeV_ It =0* T 05 MV Tp/T 1k | =20McV/e) .
0.50 -

* (E=21.01MeV,Jt=0%,T=0.84MeV,I'p/T'=0.76,k*3=53.3 MeV/c)
* (E=2184MeV,]Jmr=2.T=-2.01 MeV, I'p/T =0.63k*s= 56.6 MeV/c) o.:-

+o‘.
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Proton - proton in EoS studies ok 6 i

With Scott Pratt and Jan Steinheimer

1.6 Pion-pion correlations
Studies performed with UrQMD model + CRAB
_ What about proton + proton correlations?
0- - Idea:
: AutAu  0-10%
0.8- ly,.|<0.35 _
: k,=275+25 MeV/c |
: (a) —u— Cascade {
0.6 —r———————T—+—0— Hard EoS ™
: ——CMFEoS |
164 e CMF_PT2 EoS + |
: ~ — CMF_PT3EoS {
12- 1
e n
“ 4- .
T;CO 01 s * HADES tr
-4 - O E895nn -
. 0 % E866
-8 - A STARm -
12 I (b) | Vv STARzam+n' 7 -
2 3 4 5 6 7809 How the p+p correlations differ with EoS within the same model?
Vs, (GeV)

P. Li., J. Steinheimer, et al: arXiv:2209.01413 16



Proton - proton in EoS studies ok 6 i

With Scott Pratt and Jan Steinheimer

Seu
alt

A
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| HiR’G (casc'ade)
- CMF

o
o
<m_>-m, [GeV]

pressure p [MeV/fm®]
w
o
o

2 4 | 6
Baryon density n_ [n ]

Correlation Analysis

COI‘ Al Uses Kooning formula to calculate the wave functions for
space-points taken from UrQMD

17 P. Li., J. Steinheimer, et al: arXiv:2209.01413
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Proton - proton in EoS studies Wors b s

: With Scott Pratt and Jan Steinheimer
Increase of the baryon density

3.0 3.0
work in progress work in progress E
0S:
/ '
] | UrQMD +CorAl | UrQMD +CorAl
DEs 2.5
/ \ Ag+Ag @ 1.58A GeV Ag+Ag @ 1.58A GeV SOFTER VS STIFEER
\ Impact parameter = 6 fm Impact parameter = 1.8 fm
\ proton+proton proton+proton
£ \ ' Shorter emission duration
Longer emission duration
5
Higher flow
1-0 | Lower ﬂow
no momentum smearing —  EoS cmf
—— EoSamf —— EoS hard
0.5 1 —— EoS hard 0.5 —— cascade \/icily 1 S il e e S Pt
\/ | eb \’\ ~ ) ‘Jl‘gll.' (3 :\ I B ) [ C !
S o5 emfot Jiglole coiniges of Bos Lo oo Cr
—— EO0S amfpt — EOS soft . : :
i | | | < | | | The higher baryon density the more vital
O 20 4.0 60 80 O 20 4.0 60 80 .
K* [MeV/c] K * [MeV/e] differences
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Summary and Outlook

1. First initial (no smearing) radius of proton and deuteron source extracted: possibly similar, what would indicate the thermal
production mechanism of light nuclei. - Getting closer to solving the snowball puzzle!

2. Comparisons between proton - triton vs proton - Helium-3:
* Visible differences in SI and Coulomb
* Presence of excited states 4He and unbound ground state 4Li

3. UrQMD-+CorAl: proton+proton correlations relevantly sensitive to changes of EoS

1. Comparisons of thermal and coalescence models + CorAl to proton-cluster correlations

2. Further investigation of EOS with UrQMD+CorAl

THANK YOU!

19
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Detector effect corrections

Double ratio method
Expectation:

1)
The simulated ,, raw” CF
do not include any correlations

CF(k*)

A

SMASH

1.0

k*

2)

Simulations +HGeant
include detector effects

CF(k*

A

50

)

SMASH+HGeant

; Wb
«\@A(OO Kk*

>
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3)
Experiment

Simulations +HGeant

Only Femto Correlations left!

CE(k?)

A

1=

Experiment

SMASH+HGeant

>

k*



EoS withHBT

Scott Pratt lecture at GSlI: ,Foundation of femtoscopy”

[AD)

NG &

REMARKABLE!
Lowering beam energy
below 19.6 GeV yields
higher speed of sound

despite higher p/ 7 ratio!

(Rout)2 - (Rside)2

24
20

12

ES POIN T

R.Lacey,NPA 2018

Source: S.Pratt, J. Vredevoogd: Phys.Rev.C78:054906,2008

Stlff EoS:
* Rapid expansions: emission at earlier times, more confined to a brief

burst
* Mean emission reduced:
direction before the emission)

(less time to expand in long

e - (@) e pJEle,STAR (b) * Increased suddenness - as long-live emission causes
;: Sléen s 106 o the earlier-emitted particles to move ahead of the later-emitted ones
— + = 7 ] . .
! aew T ik :1,19 GeV m—o along the out direction
: %‘}?I T | {05 =
[ ] Tk ] Soft EoS:
- % 1 " ; loa ™7 * Higher entropy
- I I i gﬁ | I% * For fixed spectra, entropy grows with volume ~ RoutRsideRiong
- softest point* : =
B P I 403
:|1|1|1|| lllllllll L1l |!| |||rqrh|||||1| |I| ol ol ||||||T ~—
0.01. 0.1 0.01. 01 1

| \/TN TeV]

Priority: Improve modeling and perform Bayesian analysis for BES data

Critical Point

Bulk viscosity huge in vicinity of T, system struggles to maintain

equilibrium
* Lowers pressure
* Increase entropy

Shear viscosity important mostly at early times, when velocity gradients are big

and highly anisotropic
Enhancement in the transverse components of energy tensor which accelerates
the transverse expansion resulting in



