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Femtoscopy

... the method to probe geometric and dynamic properties of the source

(emission region, range of correlations-interactions, phase-space cloud, ...) ,



- Classic femtoscopy

Femtoscopy (originating from HBT): B
- the method to probe geometric and dynamic properties of the source

Space-time properties (107°m, 107*3s) determined
thanks to two-particle correlations:
Quantum Statistics (Fermi-Dirac, Bose-Einstein);

Final State Interactions (Coulomb, strong)

determined assumed measured
Sgnl(k*)
Bckg (k™)

k* - momentum of the first particle in PRF

C(k*,r*) = [S(f”*) | (™, )| dPr * = r* - Separation between emission points

s(*) - source function

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

Sgnl(k*)
Bckg(k*)

- correlation function



‘Gateway to study interactions

- If we assume we know the source function, measured correlatlons
- are used to determine nteractions in the final state.

| )

Space-time properties (107'°m, 1072%s) determined
thanks to two-particle correlations:

AP

P> Quantum Statistics (Fermi-Dirac, Bose-Einstein);

Final State Interactions (Coulomb, strong)

assumed determined measured
Sgnl(k*
C(k*, r*) = [S(r*) | P (k*, %) |2d3r g _ D8N (k*)
Bckg(k*)

S(r*) - source function

(e, ) = two-particle wave function (includes e.g. FSI interactions)

Sgnl(k*)
Bekg(cr) — correlation function




Neutron stars
Neutron star mergers



Quark-Gluon Plasma
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Scanning various Up

.. to study strongly interacting matter
.. to explore unknown QCD territory



Neutron star mergers
CBM and HADES future

Temperature
T<50 MeV

. Density
- n<2-—6n,

| Reaction time

t ~ 10 ms

Temperature
T<10 MeV

Density
n < 10n,

Lifetime
t ~ infinity



CBM and HADES future

Temperature
T<50 MeV

Density
n<2-—06mn,

Reaction time

£ t ~ 10 .ms
©
Q
Q
S
Q
&
@ | HADES 25° Temperature
2]
c 180 T<10 MeV
; -
I — CBM 30
' > Density
Beam direction
u n < 10n,
Lifetime
t ~ infinity
S15-100:  Temperature Density Reaction time
T<120 MeV

n < 8ny t ~107%s



Neutron star puzzle

* Hyperons: expected in the core of neutron stars; conversion of M ~ 12 M ”
N into Y energetically favorable. |“YANS 7T 40 O
R = 10-12 km

e Appearance of Y: The relieve of Fermi pressure — softer EoS — p = 3+5 Po
mass reduction (incompatible with observation).
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The solution requires a mechanism that could provide the - “stiff” EoS

additional pressure at high densities needed to make the EoS ? —
stiffer.

._.
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A few possible mechanisms, one of them:

e Two-body YN & YY interactions soft” EoS _

Gravitational mass M ¢ |solar mass units|

— N+free Y
— N+Y

A lot of experimental and theoretical effort to understand: o

Central baryon number density [fm 3]

- The KN interaction, governed by the presence of A(1405)

- The nature of A(1405), the consequences of KNN formation - 2 8 | X 1 01 4 | 3
% = L. CIm
- K and K investigated to understand kaon condensation | pO | g/




NGUtrOn star pUZZIG Neutron stars (NS) are the remnants of the

gravitational collapse of massive stars during supernova
event.

Their masses and radii are of the order of 1 — 2 M, and

10 — 12 km, respectively.

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

- | Central densities in the range of 4 — 8 times the
- PSR (2019) ] z normal nuclear matter saturation density, g, ~ 2.7 X
PSR J0348 +0432 ~  =-r=7s===omemmmeees =
—————————— - o — = =2 () i 1014 g/cm3 (p, ~ 0.16 fm—3)
| PSR J1614 - 2230 . §
e ——— 115 k= Best suitable theory takes hyperons into account,
. o) .
A
Hulse_Taylor PSR _ t Hyperons are expected to appear in the core of NS at p
—11.0 =
= : :
- la Hyperons soften the EoS —> Reduction on maximum
-leons and leptons =
nucleons and leptons _ ) ¢ S. NS mass
nucleons, hyperons, =
and leptons n = . . .o .
= Observation of the NS with M > 2M is incompatible
1 l 1 0 50 .
1 15 with such soft EoS

central baryon number density p (fm™)
Although the existence of hyperons is energetically

favorable, their existence makes the EoS softer and is
not consistent with the experimental results. This is

the essence of the hyperon puzzle. 10


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

Final State Interactions
(+ other studies)

11



YN and YY interactions

* Experiment: More ... and more!
interest about YN and YY interactions!

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

* Numerous theoretical predictions exist, many experimental searches
look for evidence for bound states.

* The existence of hypernuclei (confirmed by attractive YN interaction) —
indicates the possibility to bind Y to N.

* The measurement of the YN and YY interactions leads to important
implications for the possible formation of YN or YY bound states.

* A precise knowledge of these interactions help to explore unknown
structure of neutron stars. 12



HADES spectrometer

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

HADES UPGRADE

/

e rare probes:(e*, e-), strangeness: K+/-0, A, &-, @ 5 Forward Detector

HII”

Straw Tracker RPC

Fomﬁrd

mnm

e PID: n/p/K-dE/dx (MDC) and TOF
e electrons : RICH (hadron blind)

e neutral particles: ECAL

Geometry :

e full azimuthal, polar angles 180 - 850

13



Particle identification S Ag
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https://doi.org/10.21248/gups.68651

Signal reconstruction (p-/A correlations)

Counts
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Lednicky-Lyuboshitz model

The normalized pair separation distribution (source function) S(r*) is assumed to be Gaussian,

7‘*2

” _3 o 4r2 Ref : Lednicky, Richard & Lyuboshits, V.L.. (1982). Sov.
S(’]" ) — (ZﬁTO ) (A o ] J. Nucl. Phys. (Engl. Transl.); (United States). 35:5.

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

) fS L*
Ck) =1+ X pa[31 50

dy

2\/7_'('7"0

2R £ (k* 3£ (K
) + =R (Qro) — 2 Fa(Qro)

o

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

Decomposition for C ( o ) —
spin channels :

(1+AC(k*,s =0)) + 2(1+ AC(k*,s = 1))

| =

fo and do - parameters of strong interaction.

Theoretical correlation function (k*) depends on: R, fop and do.
fo - the scattering length, determines low-energy scattering.
The elastic cross section, o., (at low energies) determined by
the scattering length, Ilim o = 4n f§

—0
do - the effective range, corresponds to the range of the potential

(simplified scenario - the square well potential. 1o



Results: centrality dependence

ro = 2.6 + 0.39

work in progress

. 0.25 0.3
k* (MeV/c)

HADES
work in progress

0.25 0.3
k* (MeV/c)

Corp=1.8140.34

work in progress

......................
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Uncertainty
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C(k*)

C(k*)

C(k*)

Results: k- dependence
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Lednicky-Lyuboshitz model

3
Model f37" (fm) f3=" (fm) dy = (fm) dy=" (fm) Ng o 25+ Phys. Rev. C 94, 025201 -
ND [77] 1.77 2.06 3.78 3.18 Tl = A Published 4 August 2016
NE [78] 718 1.03 3.19 3358 T x 7
NSC89 [79] 273 1.48 787 3.04 0.9 O 15
a 071 218 5.36 276 1.0 ) S - _
b 0.9 213 392 284 1.0 :
c 12 2.08 411 2.92 1.0 oL
NSCITI801 = 171 1.05 3.46 3.08 1.0 ’ > K [IV}(:VIC] 0 0
e 21 1.86 3.19 3.19 I
f 251 175 3.03 332 1.0
ESCO8 [81] 2.7 1.65 2.97 3.63 0.9 Parame- p-Nb p-Nb
LO [25] 191 1.23 14 213 13
XEFT NLO[26] | 2.91 154 278 272 5 A (LO) (NLO)
AT82] 1.56 1.59 143 3.16 1.0
Jiilich J04[83] | 2.56 1.66 375 7.93 T4 fos 1.91 fm 2.91 fm
J04c [83] | 2.66 157 267 3.08 T
dos 140 fm 2.78 fm
S. Acharya et al. Phys. Rev. C 99, 024001 - Published 13 Feb 2019
https://doi.org/10.1103/PhysRevC.99.024001 for 1.23 fm  1.54fm
parameter scan boundaries : f, [0.01, 5.0], d,, [0.01, 2.0] and d,, [0.01, 5.0] dOt 2.13 fm 2.72fm
r, 1.71+  1.62+

0.10 0.02
19


https://doi.org/10.1103/PhysRevC.99.024001

Lednicky-Lyuboshitz model
Singlet Triplet

| | s SE
. : © -
1AX?| = 1} : : - ME
— ! work in prog A
3.5:—
255
1.5F
Extrac#ed parame 15_
f,, = 078 fm, dy E
! ] W
00 02 04 06 08 1 12 14 16 1.8 2 00
fOs
e1s _ _ +0.39
O 175 HADES A=0.74 fos = O°80—0.32
[ gF ~ work in progress
1'55 _ | dos = 0.01
14 for = 1.8970:00
127 dor = 3.76J_r8‘357)
1.1¢ '
) N P R ROV SN r = 2247012




do [fm]

Parameters scan

Strong interacting parameters

5.0
S. Acharya et al. Phys. Rev. C 99, 024001 - Published 13 Feb 2019
4.5 1 https://doi.org/10.1103/PhysRevC.99.024001
4.0
3.5 1 o @
o o® ¢
3.0 - = o °
¢ %
2.5
2-0 n II i
Hades Ag+Ag
1.5 - result
1.0 1 I I 1 I 1 1
1.4 1.5 1.6 1.7 1.8 1.9 2.0
fo [fm]

ro vs A3
0 -] *
2
+
.
“Hades Ag+Ag

result

Slope: 0.42
Interqept:

Regression Line
CLAS

E895

STAR

NA49(1)
NA49(2)

HADES (Ar+KCL)
ALICE (Pb+Pb)
HADES (Ag+Ag)

1/3
Apart

10

2. 312 14
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https://doi.org/10.1103/PhysRevC.99.024001

Femtoscopy with neutral kaons, planned at HADES

2

i K?K? _ Gauss(Qsonly) KK? STAR Preliminary KK? STAR Preliminary
‘ . :"m"e"' Au+Au collisions Au+Au collisions
chasov2001 -
le —— Achasov2003 @ 39 GeV (BES-), @ 39 GeV (BES-),
| — Martin 10-70% 0-70%
—~ STAR Preliminary
- 1.5 Au+Au collisions
TR @ 39 GeV (BES-),
O I 0-10%
0.4 GeV/c < p < 2.0 GeV/c 0.4 GeV/c < pt < 2.0 GeV/c 0.4 GeV/c < pr < 2.0 GeV/c
I In| <0.5 Inl<0.5 In| <0.5
1_ et o vuees W Suosesteuy
) PRI B R SR P RS | | | | | |
2
KIK? STAR Preliminary KIK? STAR Preliminary KK? STAR Preliminary
Au+Au collisions Au+Au collisions Au+Au collisions
@ 200 GeV, 0-10% @ 200 GeV, 10-70% @ 200 GeV, 0-70%
" 215
o
E-) i
i 0.4 GeV/c < pt < 2.0 GeV/c 0.4 GeV/c < pt < 2.0 GeV/c 0.4 GeV/c < pr < 2.0 GeV/c
- In| <0.5 i In| <0.5 In| <0.5
1 |
[ A A A A l A A1 A A l A1 A A A l A A A Al - A1 A 1 L l A L L A l A L A L l L L L 'S ' ' L A [ 1 A L A l L 1 A L l L 1 A 'S
0 0.1 0.2 0.3 040 0.1 0.2 0.3 040 0.1 0.2 0.3 0.4
q. [GeV/c] q [GeV/c] q. [GeV/c]

Qinv = \/(171. - TTZ.)Z _(El - Ez)z

4 parameterizations of SI FSI, scanning of parameters welcome!
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Some examples from ALICE

—— s I
a) AUCEpp (s =13Tev

high-mult. (0-0.17% INEL>0) =
B8l A € P pairs 1
Fit NLO19 (600)
— Residual p£® yEFT
Residual p= @ p=°

e

ALICEpp 5 =

High-mult. (0-C.c. 00t llo ) g

Bl ep-F

—fss2

s yEFT (NLO)
ESC16
NSCo7t
p—(Ay) baseline

SETRRSTET) | (TRTL FRTTA FRTT1 RTTI FraTa Iera

o
Kk* (MeV/c)

no>3

88 Unphys. C(k*)

M STAR
—- HAL QCD
* HKMYY
* FG
©-ND

NF

8} ALICE data
I coulomb
Coulomb + p-= HAL QCD

——= P~

I couomo
Couomd + HAL-QCD efastc
I couomb + HAL-QCD elastc + nelastc

150 200
&* (Mevic)
R e T TN D S P
ey et g s | N N

. & T
[ (D)  ALICE p-Pb \s,,=5.02 TeV,

Blpzep=
Coulomb + HAL-QCD
Coulomb
p-= sideband background

¥

ALICE Preliminary
ppi\s=13TeV
High Mult. (0 - 0.17% INEL>0) _]

B A-Z @ A%

I sEFTL0

== Baselne

- g $ poeg=y

lasaalasaal aal L ol L
50 100 150 200 250 300 350 400
Kk* (MeV/c)

00 200 300
k™ (MeV/c)

) S UPNPSES,

T
ALICE pp 5= 13 TeV/
Hgh-muit. {0 - C17% INEL > ()
07<8,<1.0

o0 pespe

Lednicag-Lywoosies medel

d,= 735+ 54(sat) = 0.26 (syst| 'm -1
f,) «0.85 = 034 (L) £ 0.14 (syst) n
5,) =016= 010 (st ) = 0.09 (syst) fm =3

T 1=

L L L ! !
150 200 250 300 350 400
K" (MeVic)

pd

T T
ALICE Preliminary
pp 15=13TeV

High-mult. (0-0.17% INEL>0)

3

I, yhdf = 342525

2.0 fm, 'l = 180 63
401m, 't = 13.54
. F w80 fm, x¥hdf « 4,69

\
150 200 250
K (MeVic)

el ALICE pp
: ry=1152002 77 m
2l A =088 £0.07

PK™

. ! + Kp9Kp

aF 52. ] Coulomb

Coulomb.Strong (Kyoto Model)
‘ﬁ. 7] Coulomb-+Stong (Jsich Model) -
p ) 3
R ax

%Q‘t. Tr—R P g -

100 150 200 250
K" (Mev/ic)

p-D"@p-D*
® ALICE internal
Coulomb
C. Fontoura et al.
Y. Yamaguchi et al.
J. Hofmann and M. Lutz
J. Haidenbauer et al. (9:141: =1)

k* (MeV/c

CATS: EPJA 78 (2018)

Projector: EPJC 82 (2022

Review 1: Prog.Part.Nucl.Phys. 112 (2020)
Review 2:Ann.Rev.Nucl.Part.Sci. 71 (2021)
p-¢ bound state: arXiv:2212.12690

p-K: PRL 124 (2020) 092301

p-K: PLB 822 (2021), EPJC (2022)

p-p, p-A, A-A: PRC 99 (2019) 024001
A-A: PLB 797 (2019) 134822

p-&: PRL. 123 (2019)

p-&, p-£2: Nature 588 (2020) 232238
p-29% PLB 805 (2020) 135419

p-@: PRL 127 (2021)

p—p,A—A,p—A: PLB 829 (2022)

p-A: PLB 832 (2022) 137272

A —E: PLB 137223 (2022)

D-p: PRD 106, 052010 (2022)

ppp, ppA: arXiv:2206.03344
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Some examples from ALICE

o 22§
L

18_’"
1.0

-

1.4

e ——
a) ALICEpp Vs =13Te"

pA

high-mult. (0-0.17% INEL>0)
Bl pA & PA pairs
Fit NLO19 (600)
— Residual pr® yEFT
Residual p=~ @ p=°

e
ALICEpp 5 =
High-mult. (0-C.c. 00t llo ) g
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—fss2
= yEFT (NLO)

ESC16
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p—(Ay) baseline

8 Unphys. C(k
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8} ALICE data
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100
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. & T
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Bl pzap=
Coulemb + HAL-QCD
Coulomb
p-= sideband background

LN
0‘0

100
K* (MeVrc)

ALICE Preliminary
ppi\s=13TeV
High Mult. (0 - 0.17% INEL>0) _]

BN ALE @ A%E

I sEFTL0

=+ Baselne

00 200 300
k™ (MeV/c)

>+"Q-'+ > = - 1]

T T
ALICEpp 5= 13 TeV
Hgh-mult. {0 - C17% INEL > ()
07< 5,<1.0

o peEpe

Lednicg-Lywoosnes medcel

0, =735+ 1.56{s:1) = 0.26 syst/tm
Y,) =0.85 = 034 (stal) £ 0.14 (syat) In
Tf) =016= 010 (stat) < 0.09 (syst) fm ]

! ! L L I ! !
50 100 150 200 250 300 350 400

k* (MeV/c)

T T
ALICE Preliminary

pp 5= 13 TeV

High-mult. (0-0.17% INEL>0)

R ALICE pp
! ry=1.15£002 ‘2 tm
2l A -088007

PK™

. | + Kp9Kp

. ?‘ ] Coulomb

Coulomb.Strong (Kyoto Model)
[ Coulbmb+Stong (Jdich Modeli -

rirararrarararer arwreararar |
150 200 250
K" (MeVic)

p-D"@p-D*
® ALICE internal
Coulomb
C. Fontoura er al.
Y. Yamaguchi et al.
J. Hofmann and M. Lutz
J. Haidenbauer et al. (g:l4n =1)

CATS: EPJA 78 (2018)

Projector: EPJC 82 (2022

Review 1: Prog.Part.Nucl.Phys. 112 (2020)
Review 2:Ann.Rev.Nucl.Part.Sci. 71 (2021)
p-¢ bound state: arXiv:2212.12690

p-K: PRL 124 (2020) 092301

p-K: PLB 822 (2021), EPJC (2022)

p-p, p-\, A-A: PRC 99 (2019) 024001
A-A: PLB 797 (2019) 134822

p-&: PRL. 123 (2019)

p-&, p-£2: Nature 588 (2020) 232238
p-29% PLB 805 (2020) 135419

p-@: PRL 127 (2021)

p—p,A—A,p—A: PLB 829 (2022)

p-A: PLB 832 (2022) 137272

A —E: PLB 137223 (2022)

D-p: PRD 106, 052010 (2022)

ppp, ppA: arXiv:2206.03344

$+

ol Ly
300 350 400
Kk* (MeVic)

k* (MeV/c

B ALICE pp Vs =13 TeV 7
B I High-mult. (0-0.17% INEL>0) ]|

12F W, a4 For lower collisions energy the fraction of pure
correlation (contamination of feed-down contribution,
residual correlations) is higher that at LHC.

I core (fM)

24




Some examples from ALICE
J0

- e
a) ALICEpp (s =13 Tev

- :)‘)i' —_—
Ve high-mult. (0-0.17% INEL>0) 3 : TN " R i pQ
18E¥ Bl pA & PR pairs E |81 ALICE data [0] auce caa
E\ Fit NLO19 (600) u I Coulom 3 s I couomo
Y e L - : + S e HhtiS
aa ual p=- @ pz’ - 1 Couomb + HAL-QCD elastic + nelastc Y rrie \
. <*°F| ] «-NE ascsp CATS: EPJA 78 (2018)
E 2 ] . + ry= 115002 ' m -
F\ R E o pomeewr i Projector: EPJC 82:(2022)
"oE AN, E — 1R Cosmbsvong (klo Moo Review 1: Prog Part.Nucl. Phys. 112 (2020)
o= e 4 - s S Ff::—'o-x-d-;-'&& - — N — : ‘{"_"' [7] Coulomb+Stong (Jlich Model) - 1 i HEgn ’ ;
‘ E AR it s ' Review 2:Ann.Rev.Nucl.Part.Sct. 71 (2021)

00 200 300
k™ (MeV/c)

p-¢ bound state: arX1v:2212.12690
p-K: PRL 124 (2020) 092301

.......

F o ° T
[ (D)  ALICE p-Pb \5,,,=5.02 TeV

——
T T T
A.LICEpp 5= ALICEpp 5= 13 TaV
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E-M probes with ECAL

What if:

) . . Bl e L
Non-interacting bosons — assuming 2 sources CF(Qjnp) = 1+ A el Qi Bi7) + A, e(~Qinv"R2")

y .

: . . X (o

(double gaussian or gaussian + some background) CF(Qiny) =1+ 1e(—Qinv"R*) +
v (1+ (a1'Qiny)“?)
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LL'1.25- HADES work in progress correlation  J LL'1.251- HADES work in progress correlation
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* E-M probes signal various stages of the

- Information about early stages
(inaccessible for hadrons);

Access before freeze-out era;

- A way to hunt for direct photons.

Hydrodynamic
Evolution Pre-Equilibrium - _
Phase (< 1)
a) without QGP b) with QGP
| ’ 1 *
|
A B u system S evolution;
Collisions \
Direct Decay
Stable hadrons: =°,n,K’....
Prompt Thermal Other
Fragm.
Jet-medium
QGP Jet Hadron ‘
{ard scatt. Bremsstr. Bremsstr.
Pre-equilib. Hadron gas
Resonance
decay
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Light nuclei (clusters) production at HADES

W )%

2023 ¢ HADES work in progress
o Ag+Ag @ vV Syn = 2.55 GeV 1.2
1.501 Centrality 10%-30%
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<X O
Y 4.00] 0.6-
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0.251 ' . | 0.0
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HADES work in progress

ms COrAl: NO SI

Centrality 10%-30%
kT (350,500) MeV/c
proton+deuteron

CorAl: SI+Coulomb
R=3.72 £ 0.01 fm

Door to study fundamental interactions,

additional nucleons: p — d — t and 3He

What is the production mechanisms of nuclear
. fragments / clusters?

- thermal production?

- coalescence?

Proton-proton and proton-deuteron FSI described by potentials:
p-p: V.G.J.Stoks et al., Phys.Rev.C 49,2950 (1994)
p-d: T.C. Black et al., Phys.Lett.B 471, 103 (1999)
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Summary

A. Sorensen, HZ et al.
arXi1v:2301.13253 [nucl-th]

Prog.Part.Nucl.Phys. 134 (2024) 104080

temperature [MeV]

S
[u—

0 1 2 3 4
density ng/ny,

Femtoscopy is a perfect tool to study two- and more particle interactions
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https://arxiv.org/abs/2301.13253

Thank you



Smoothness approximation (from Scott Pratt)

-

'\ 'Q:m
\\ phase space cloud

. P N
C(p1,p2) = P (1) P(52) \ \:i
= C(Uem, )
AN
R e Gl NN\

f d3r1d3r2 fcm('l-jcm, Fl’ t)fcm(’l-;cm, 772, t)(s(??l — 772 —_ ’l_")

S(’B’cm 7:) — — — — —
, f d3r1d3r2 fcm ('Ucm9 T, t)fcm(’vcma r2, t)

“SOURCE FUNCTION” measures phase space cloud, not source!!!

GOAL: Measure C(p,, p,) to infer S(v,,,, 7)

For identical bosons: |¢|* = 1 + cos(2g - 7)
Strong/Coulomb makes inversion more complicated

See S.Pratt talk during WPCF 2023

https://agenda.infn.it/event/33324/contributions/211990/attachments/112571/161133/wpcf 2023.pdf


https://agenda.infn.it/event/33324/contributions/211990/attachments/112571/161133/wpcf_2023.pdf

Smoothness approximation (from Scott Pratt)

Both use same source function:

. f d3rad3'rb fa('ﬁcma 'Faa t)fb('l_)’cma Fb, t)(s('f:a - Fb -7

\:% '\ch Sab(ﬁcm’ F o f d3Tad3Tb fa(ﬁcm, ’F’a, t) fb(ﬁcma Fba t)
N

\ \ §ab(3cm, 7) is probability two particles of same v
\ \ are separated by 7

ANNN

phase space cloud
will visit later

“Smoothness” approximation:

Sometimes V., = V., £ 6V

5V sometimes related to Wigner transform
of wave function,

sometimes from p, — p;,
sometimes just some finite width distribution
for statistics...
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Approximations

The Truth:
P(paa pb) — Z
f/
Sum over all “remainder” states f’

2

/ dwadiBbe' (iBa, mb)¢f’ (maa Lb3 PasPbs )

APPROXIMATIONS
1) ¢(x,, x,; p,» Pp) does not depend on f’
a) fails if phase space density is high (identical particles)
multi-particle symmetrization is important
otherwise, must calculate for all momenta, then integrate over all other particles
b) fails if interaction with other particles lasts long time
at sufficiently small relative momentum, this is fine
Coulomb with other particles slowest other interaction

¢f(ma9 Lbs Pas pb) — d)(wa — Lbs Pas pb)

After first approximation:

P(paapb) — Z

fl

2

/ da}'adwaf' (iL’a, wb)(b(wa) Lbs Pas Pbs )

APPROXIMATIONS
2) Emission (7—matrix) is independent.
Sum over f and T—matrices must factorize
Ignores other correlations (energyymomentum/charge) conservation...
good at small relative momentum (other sources have longer characteristic scales)

2D

f fa 1
Tf/ (CUa, a:b) — ch'L (:L'a)Tfl; (:Bb)
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Approximations

After approximations 1 & 2: S . PRC 1997
Define: ‘
Sa(-’Ba P) = Z / dox T;, (.’1} -+ 6;3/2)]}.& (w _ 5w/2)eip.6m
Ié
this gives

Pab(paa pb) = / dmadwbddwdqsa(Pa -+ E CEa)Sb(I_)b —q, mb)

eiq‘s‘”qﬁ;(ma —xp + 0x/2)¢, (xa — b — 02 /2)

3) Smoothness approximation: _ ~
a) Ignore g dependence in s5,(P, + G,x,) and 5,(P, — g, x;),
b) replace s,(P, + g, x,)s,(Pp, + g, x;) with s,(p,, Xp)5,(Pp» Xp) Of S,(E 4, Py conSp(Eps Pp.cmm)

— good when emissions are thermal and matrices are broad
— questionable if relative momentum is small
— necessary if you don’t know off-shell behavior of s(p, x)

— for coalescence you can add 57 factor

Last approximation: non-simultaneous wave functions

¢, (x; — x,) = $(At = 0,X| — X,) in pair frame - o
Sometimes interactions involve change of degrees of freedom:
No interaction through potential

4) Non-simultaneous emission Examples:
— no problem for pure HBT KK~ o ¢
— should be fine for small relative momentum ad <% 1Li

Wavefunction paradigm questionable — but thermal equilibrium still applies
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When are the approximations good?

Femtoscopy:

— Emission uncorrelated aside from FSI

— Relative motion is small, g/u < 0.1

— Phase space density not high
(as long as phase space densities < 0.5)

— Range of interaction smaller than source size

— Rearrangement interactions, e.g. K"K~ < ¢
where wave function paradigm is questionable

Coalescence:
— Same as above

— Wave function should not have high p components (low B)
— Should correct for binding energy: e?/7

Thermal:

— Must be at freeze out!!

— Whenever wave function extent is < < source size
— OK with rearrangement interactions
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Signal reconstruction |
* Distance of closest approach (DCA)

between the daughter tracks and the
primary vertex,

— DaulVD = > 8 mm

— Dau2VD = > 24 mm

e DCA between reconstructed mother
track and primary vertex (Mot-VD) = < 5

S o MTD mim
Dau1VD )
o o * Distance between the primary and

secondary vertex (VDX) = > 65 mm

* DCA between the two daughter tracks
(MTD)

Schematic depiction of the Off-Vertex-
= < 6 mm

Decay-Topology of A decays.

* Opening angle between the two daughter
tracks (A) = > 150



Lednicky-Lyuboshitz model

Set parameters loop
A, 1o, for doss forr dox

v

Lednicky & Lyuboshitz
analytical model

computationally intensive due to integral calculations.

control over parameter steps.

v

1. The Lednicky-Luboshitz semi-analytical model (utilized in CorrfitCumac

codes) provides an immediate correlation function value but may be

2. The first fitter employs ROOT minimizers, offering precise statistical

uncertainty estimation, but it operates on "continuous" maps with limited

| 3. The second fitter, Hal:Minimizer, accommodates "non-continuous"

Calculate functions, allowing parameters to change in discrete steps. However,

correlation function @ it provides only approximate uncertainty estimates.
I

fIt for(int A = 0.6; A <0.8; A+=0.1)
for(intr0 =1.0; r0 <4.0; r0+=0.1)
| for( int 10 = 0.01; f0 < 5.0; f0+=0.1)
_ for(intd0 = 0.01; d0 <5.0; d0+=0.1)
Experimental for(int ft = 0.01; ft <5.0 ; ft +=0.1)
correlation function for( int dt =0.01; dt < 5.0; dt+=0.1)

| Calculate Lednicky-Luboshitz
correlation function : fit data
X2 : value is extracted : minimizer

v
x2 calculation
minimum determination




YN interactions at STAR
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Different spin states with different FSI

parameters
p-A correlation:

d-A correlation:

spin-separated fit

currently spin-averaged fit
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