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Size measurements via femtoscopy

e For large statistics — measurement in 3
dimensions, giving 3 independent sizes in
Longitudinally Co-Moving System

* The Bertsch-Pratt decomposition of g:

— Long along the beam: sensitive to longitudinal
dynamics and evolution time

- Out along k_: sensitive to geometrical size,
emission time and space-time correlation

m =Nk +m — Side (perpendicular to Long and Out):
' sensitive to geometrical size
Longitudinally Co-Moving .
System (LCMS): e For statistically challenged analyses,
Piong ™= P2.1ong measurement in one dimension (giving

only one size) in Pair Rest Frame
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Thermal emission from collective medium

e Particle emitted from medium has collective

4 .
B, ;f.’r_ velocity f.and a thermal (random) one [,
(Pf B -
VA  As observed p_grows, the region from where
r(p | pairs with small relative momentum can be
emitted gets smaller and shifted to the outside
of the source
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Modifying hydrodynamics assumptions

S. Pratt, Phys. Rev. Lett. 102, 232301 (2009) .
& 71— « Data in the momentum sector (p. spectra,

2] elliptic flow) well described by hydrodynamics,
1 why not in space-time?

e Usually initial conditions do not have initial
flow at the start of hydrodynamics (~1 fm/c) —
they should.

 Femtoscopy data rules out first order phase
transition at RHIC and LHC — smooth cross-
over is needed

® Initial flow
RS Cross-over EO

Resonance propagation and decay as well as
narticle rescattering after freeze-out need to
oe taken into account: similar in effects to
viscosity
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Expectations for the LHC

* Lessons from RHIC: * Extrapolating to the LHC:
~ “Pre-thermal flow”: strong flows — Longer evolution gives larger system -> all of the
already at 7,=1 fm/c 3D radii grow
— EOS with no first-order phase transition - Stronger radial flow - steeper k_radii dependence
— Careful treatment of resonances - Change of freeze-out shape - lower R_ /R ratio
important
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e For high multiplicity AA
collisions where hydro
is applicable:

Strong flows result in
clear m_dependence

(power-law)

Dependence is most
steep in long

All radii scale linearly
with cube root of final
state multiplicity

AK, M.Galazyn, P.Bozek;
Phys.Rev.C90 (2014) 6, 064914
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ALICE Data on radii vs.
centrality and &

Femtoscopic radii vs. k_for 7 centrality
classes in central rapidity region

Radii universally grow with event
multiplicity and fall with pair
momentum

Both dependencies in agreement with
calculations from collective models
(hydrodynamics), both quantitatively
and qualitatively

When compared to results from RHIC —
all expected trends visible (larger size,

steeper k. dependence, R_ /R .. ~1)
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m_ scaling for heavier particles

1o “Collective” flow should apply to all particles
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Emission delay in pion and kaon data

ALICE, Phys.Rev. C96 (2017) no.6,

e ALICE kaon data in hydro-based E N e
. o . s —— K: T =0.144 GeV, Eq.(9) .
parameterization: kaons emitted e e e
on average later than pions. = C1ootmoey oweaee ) Syst e
e It comes from rescattering via K*
resonance (not included in blast-
wave or Therminator 2 or hydro) | P .o
0.2 0.4 0.6 0.8 il <m-:.>2(Ge\ZI)/22)
method T (GeV) | oy Ok T (fm/c) | Tx (fm/c)
fit with BW Eq. (8) | 0.120 - - 9.6 £0.2 | 10.6 = 0.1
fit with BW Eq. (8) | 0.144 - - 8.8+0.21]95%+0.1
fit with Eq. (9) 0.144 5.0 2.2 93+£02 1 11.040.1
fit with Eq. (9) 0.144 | 43+23 | 1.6+£07]95+02 | 116+ 01D

Table 4: Emission times for pions and kaons extracted using the Blast-wave formula Eq. and the
analytical formula Eq. (Ep

V.M. Shapoval, P. Braun-Munzinger, [u.A. Karpenko, Yu.M. Sinyukov; Nucl.Phys. A929 (2014) 1-8
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Asymmetry via non-identical correlations
%{Ci}ffo(q),cos( 0))cos(¢)d ¢ d cos(0)

_ G AK, PRC 81 (2010) 064906
& 1- Mﬂﬂﬂlﬂ ;;0.02—
v WW " o L, Asymmetry:
& & '-.""'-.. Ozf;n
0 Obtasevommsnss s TSRO m
09 ¢ I -4 fm
#* - ‘\\
¥
-Response to -8 fm
6| %Tasymmetry increase
0 0.02 0.04 0.06 0 0.02 0.04 0.06
k* [GeV/c] k* [GeVic]

e The non-identical particle femtoscopy sensitive to the emission
asymmetry between non-identical particle types

e Measurement sensitive to the difference of the spatial and time
asymmetries, not possible to distinguish between them

Woue=Tout)={ Y Tou—PYAL)

“Spatial” asymmetry r__in flowing medium, difficult to produce otherwise

“Time” asymmetry At from various origins, some not connected to flow
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Simulations in Therminator2

| T T T |
Therminator2, Pb-Pb s, =2.76 TeV —

e Introduce “ad-hoc” time delay to : K cominec i
mimic rescattering o § i

[e0]
[T

R (fm)

e Introduction of time delay has little . i { %
influence on size. Width of time :

delay dist. also small effect 2 AK, Phys.Rev. C98 (2018) no.4, 044909
~6 s 10
e Emission asymmetry directly e A
sensitive to time delay introduced T ﬂ% l% | |
in the calculation, as expected - i g ﬁ |
. . e . i
e Direct measurement of emission = 5 b | ﬁ _
time delays possible also for heavy- [ aimeo -2 .
ion environment with flow (but o sZimcoiodme
model dependent) i T
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Measuring rescattering phase duration

e ALICE has published first
pion-kaon results from LHC

e System size well reproduced
(similarly to identical pion
and kaon femtoscopy)

e Emission asymmetry from
“default” hydro case larger
than in data

e« Asymmetry with additional
2.1 fm/c kaon delay
consistent with data:
internal consistency with
identical kaon femtoscopy

Adam Kisiel, WUT XV-th Polish Workshop on Heavy-lon Collisions, Wroctaw, 24 Sep 2022

ALICE; Phys.Lett.B 813 (2021) 136030; arXiv: 2007.08315 [nucl-ex]

101" ALICE Pb-Pb |5, = 2.76 TeV

0.19< p, < 1.5GeV/c, |n| <0.8

R, (fm)

+ 15% corr. unc.

THERMINATOR-2
— default

At=10fm/c,c,=2.0 fm/c A
— At=21fm/c,0,=2.0fmic -
— At=3.2fm/c,6,=2.0fm/c 7

6 8



Small systems and mini-jet background

Eur.Phys.]. C77 (2017) 8, 569
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Measuring size in 1D at LHC

JHEP 03 (2020) 014

1 gEMS PP (13 TeV) 1 gCMs pp (13 TeV)
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e NSe el 1 L e e o .
g s o B et . — Femto analysis in pp performed in 1D femto show
%7 g1 -? non-gaussian shapes (ALICE, CMS, ATLAS, LHCb)

— Fits and radii presented for exponential form

Cwwen L as  wewy — Background (from mini-jets) estimated based on 1D

18—
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Full 3D analysis in pp collisions
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Phys.Rev.D 84 (2011) 112004

— ALICE measured pion source in pp [ a) ALICEpp@ 7TeV
.« o . .« . 2r sN, 1-11 4N, 17-22 *N, 37-44
collisions with extreme precision vs. & |, oNJiz16  Nj2320 <N 4557
. . * T . = mN_, 30-36  #N, 58149
collision energy*, multiplicity, pair <= R Y .
transverse momentum in 3D e I ﬁmg
— Source is reasonably gaussianin 3D, | ® NICEBD@ 00Ty & o
although the best fit is provided by a & | Froe MG IR16 N80
fit exponential in out and long SRl AW, A L& A
(directions where pair velocity is I A
non-zero) and Gaussian in side I =STAR pp @ 200 GeV
: . . o S
— Extremely rich physics in 3D radii ET ﬁ ﬁ“

. . . . o= o, W AL B
dependence on multiplicity and pair of 1L @ﬁg;ﬂ;; %‘j
momentum, not fully explored up to - T

L d)

St

— No theoretical understanding of the s | ﬁ S i %
. . . [a . - i

source size behaviour, especially at  “osF M

low multiplicity — 2 - i
— 3D analysis also in CMS kr (GeVic)
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Transition from small to large: p-Pb collisions
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* Similar no. of baryons and anti-baryons
produced at RHIC and LHC, at low-p_,

(Anti-)Baryon production in HIC

PID needed (STAR, ALICE)

* HIC are matter-antimatter pair

factories (p, A,

= Q,..)

3 317
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* Femtoscopy: use two-particle correlation function C and known interaction ¥ to extract information on

Baryon femtoscopy

the source emission function S

e
e

measured correlation

Cl@)=[s(F)w(g.7)Ira'r

emission function (radius)

O 257§ shape and magnitude
. sensitive to source shape
2 ¢ (size) and two-particle
interaction (cross-section)
[ |
15— N ®
i N e
m

-¢ pp " "idesysysEBEEES

0 0.62 0.64 0.66 O.tITJB 011 0.12
k* (GeV/c)

* The procedure can be reversed: study ¥ with known §

Adam Kisiel, WUT
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0.9
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(Koonin-Pratt equation)

Ccross-section

expected shape
of the signal (MC)

|
0.3
k* (GeV/c)
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Lednicky&Lyuboshitz formula

e For the case of pure strong interaction, the integral equation
for C performed analytically for a Gaussian source .
L2R (k)

k* d>
1+Z pS ) -5 VIR

2VTtR
where p are the pair spin fractions, F, and £ are known
functions, R is the Gaussian source width (variance)

Fl(zk*R)—%Fz(zk*R)

e Scattering length f and effective range d appear directly in

the correlation function form, real and imaginary part of f
have distinctly different contributions

« Not realistic to fit R and interaction parameters (f,, d,)

simultaneously, at least one must be fixed

Lednicky, Lyuboshitz, Sov. J. Nucl. Phys., 35, 770 (1982)
Adam Kisiel, WUT XV-th Polish Workshop on Heavy-lon Collisions, Wroctaw, 24 Sep 2022 19/24



Baryon-Antibaryon in ALICE

L 102 pp ALICE Pb—Pb |5, = 5.02 TeV , ,

S i " o All combinations of baryon-
0.98} antibaryon correlation functions
0.96[| 52;‘;‘:‘_ with pairs containing protons
094 e ————— and lambdas

= P P 00— 9= . . .
e e Fit fully including the web of
P residual correlations
0.9 Centrality: 10-20%
0.85 | « Combined fit to 6 centralities x 2
1- ] collision energies x 3 systems
0.95\ - : -
ﬂﬁ e Interaction parameters free in
0.9 0.7<p®<4.0 (GeVic) |n°]<0.8 .
— 005 01 015 02 : : :
* (Gevie) e Sizes constrained to m._ scaling
L. Barnby (ALICE), EXA 2017 P redictions

k. Graczykowski (ALICE), ISMD 2017
ALICE, arXiv: 1903.06149, Phys.Lett.B 802 (2020) 135223
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Measurement of strong BB interaction

0

A4 13 12 11

. 4 ALICE data:

5‘3,-,5222 P 1 % PA @A _ _ _

O Bwoen ] AR e Estimation of the scattering

L o Uncertainty: length and effective range

! % pnRikenetal. - ---- statistical

el 1Yo Assumption of d,=0 not

e+ E necessary

NN  Non-zero negative value of

VR F, (fm
S L the real part of /|

3 ¥ PADDA . .
= AR e Non-zero value of imaginary
= 4+ BB el .
= Uncertainty: part of f (annihilation),
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Baryon interactions in pp collisions

., GEsacsremsasiesebnsiaazr [l PN easar pEs e nan e ey R GEoEl EEnES BT RS
% 5 ALICEpp(5=7TeV J % 2r ALICE pp 5 =7 TeV ] % I ALICE pp 5 =7 TeV
g ro=1.144 = 0.019 /¥ fm3 [ ro=1.144 = 0.019 V77 fm o5l rp=1.144 = 0.019 ;07 fm 3
3 + pp & Pp pairs —: 1-8: 4 pA @A pairs T i 4 AA® AN pairs
- g rainti 7 [ Syst. uncertainties ] I 1 || Syst. uncertainties ]
2.5 das F:rm::::p:r: i _: 1.6 ' — Femtoscopic fit (NLO pammsI 2 |-+_ Femtoscopic fit -
o — Femtoscopic I|t[LCrparams.:: [ — Femioscopic fit (STAR params.)
1.4 B ) Mucl. Phys. A915 (2013) 24, 3 1.5 - PAL CO2 (2015} 022301, ~
1,2_' 1-"
1 i i "4“4*4”*‘
1 [
0.5 - 0.5F .
| FE P I P I B & ol I A o W Pl R Wi B WA
0 0.02 0.04 0.06 0.08 01 0.12 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
k* (GeV/c) k* (GeV/c) k* (GeV/c)
g 1: ...................... ;o © —— o
S —wav ® P+p collisions — smaller system
14 8 ’
* FG . .
® i probe potential at small distances
10 o @ NE
5 oy ) h
; ~ 3 v e Strict test of state-of-the-art
6 & =3 . ; . ° . .
: e . == calculation of intereaction potentials
2 F/:'\5‘\@‘2 /_\_/z;—aei\r/s 1 + ESCO08
0_ Ay .3! PR e .i. P -5
1/, (fm™) ALICE, Phys.Rev. C99 (2019) no.2, 024001

Adam Kisiel, WUT

XV-th Polish Workshop on Heavy-lon Collisions, Wroctaw, 24 Sep 2022

22/24



Pioneering measurements
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e Direct relevance to strange matter appearance in neutron star
cores: the same calculation shows shallow repulsive interaction

2.6

24

2.2

2
1.8
1.6
1.4
1.2
1

O.BU

£ b)  ALICE p-Pb 5= 5.02 TeV E
3 ol p= ®pE E
X Coulomb + HAL-QCD E
E_ Coulomb _E
E_ p-Z sideband background _E
RN -
SN E
E_ * R : - = e G:
| | 1 | I 1 | 1 1 |:

100 200 300

k* (MeV/c)

between Xi- and neutron matter, implying stiffer NS EOS

Adam Kisiel, WUT

XV-th Polish Workshop on Heavy-lon Collisions, Wroctaw, 24 Sep 2022

23/24



Summary

* Lesson: Femtoscopy of pions in 3D a mature way to probe details of
the collision dynamics at LHC

* Lesson: Observed excellent agreement with hydrodynamic predictions

* Lesson: Heavier particles and non-identical particle correlations
confirm detailed dynamic predictions but also access rescattering

* Open question: Detailed 3D pion femtoscopy in small systems at LHC
presents puzzling results, no current model explanation available

* Lesson: Strong FSI for baryons can be probed using femtoscopic
correlations, both in AA and pp collisions

* Future: Excellent prospects for baryons in LHC Run3 at 10x statistics
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