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Basics of Femtoscopy

> Correlation Function
> Koonin-Pratt Formula




Hadron Correlations

Momentum correlations in high-energy nuclear collisions
— Useful for studying low-energy hadron interactions

Correlation Function (CF) at Pair Rest Frame (P = 0)

. Total tum: P =
C( ) = Npalr (pa’ pb) RZ|Ztir\?§rr:§rr]nLejmum' = Egpi—"%bapb
q o . q N Mmea+mp
Na (pa) Nb (pb) Two-particle momentum dist.: Np,ir(Pg, Pb)

One-particle momentum dist.: N, (p,)
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Hadron CF provides insights into
B Space-time structure of the matter

B Final state hadron interactions




Femtoscopy

Koonin-Pratt formula s.e. koonin, pLB 70, 43 (1977): s. Pratt, PRL 53, 1219 (1984)

Under several assumptions,

x-~\S (q;7)

’

Clq) = [d3 S(g;7) lolg;T)I?




Femtoscopy

Koonin-Pratt formula s.e. koonin, pLB 70, 43 (1977): s. Pratt, PRL 53, 1219 (1984)

Under several assumptions,

~==~5(q;T)

C@ = Ser s lo@rF YT

[CF] <::I [Source Func.] & [Relative WF] Nl s o(q;T)

From experimental correlation function
B Input: hadron interaction — Output: source function
B Input: source function  — Output: hadron interaction




Hadron Interaction Study via Femtoscopy

Recent active studies have demonstrated its usefulness and powerfulness

T L. Fabbietti et al., Ann. Rev. Nucl. Part. Sci. 71, 377 (2021)
Assuming static Gaussian SF

‘ Actual SF should reflect the complex dynamics of nuclear collisions

A. Ohnishi, talk at RHIC-BES On-line seminar IV (2022)

# For more realistic estimate of hh interactions, State-of-the-art

we need reliable interactions and source models,

together with more data. 2nd round
(dynamical source,
C(q) — scatt. amp.)

1st round

(simple source,

existing interaction)
8 1T YITP ﬂ A. Ohnishi @ RHIC-BES 2022, June 21, 2022, Online 38
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To explore less understood
hadron interactions,

Femtoscopy using
dynamical models



pd Femtoscopy using Dynamical Model

> Interaction
» Source Function

> Correlation Function

» Effects of Collision Dynamics




P Interaction

‘ Consider only s-wave scattering — 2 channels: *S;, & S/,

453/22 HAL QCD potential v.Lyuetal, prRD 106, 074507 (2022)
(2+1)-flavor lattice QCD at near physical point =

S .
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> Overall attraction w/o bound states - ST

251/22 Parametrized potential e. chizzaiietal., pLB 848, 138358 (2023)
Motivated by HAL QCD *S;, potential

» Should be constrained phenomenologically via femtoscopy

‘ Femtoscopy using Gaussian SF — Indication of a bound state




Dynamical Model

PYTHIA8/PYTHIA8 Angantyr

Initial partons

Dynamical Core—Corona
Initialization model (DCCI?2)

Y. Kanakubo, Y. Tachibana, and T. Hirano, PRC 105, 024905 (2022)

A cutting-edge dynamical model
based on core—corona picture

. | Core:
.%_ Equilibrated matter ~ QGP
-+ o N\O— Corona:

’ Non-equilibrium partons

(3+1)-D hydro

with source terms g
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Space-Time Evolution by DCCI2

High-multiplicity p+p collisions at /s = 7 TeV
Movies provided by Y. Kanakubo
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Describes the entire evolution of nuclear collisions
— SF that reflects collision dynamics
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Space-Time Evolution by DCCI2

High-multiplicity p+p collisions at /s = 7 TeV
Movies provided by Y. Kanakubo
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Source Function

High-multiplicity 0-0.17% p+p collisions at /s = 13 TeV

Plot: DCCI2 SF, Line: Gaussian SF S(r) « exp(—r?/4rZ) w/ r, = 1.08 fm

0.4 . , .
| p-¢g@p-¢ : :
| cassimwrorosm || NON-Gaussian long-tall
7o DCCI2 —— ] — Larger source size (r?)
£ FAASE T p+p Vs=13TeV |
P Y gy 047 Mainly due to p rescatterings
s 1L - i with surrounding pion gas
‘o - ; “Pion wind”
B o1} - | ) )
* “ ; Hadronic rescatterings

| | even in p+p collisions

0




Correlation Function

Green: C3/2), Blue: C(/2), Red: ¢tot = 2¢G/2) 4 2¢1/2)
- S - 3 3
Plots: DCCI2 SF,  Lines: Gaussian SF w/ 1, = 1.08 fm
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cG2) | r=1.08fm

B Non-trivial behavior at small g

A small but statistically
significant difference
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Correlation Function

Green: C3/2), Blue: C(/2), Red: ¢tot = 2¢G/2) 4 2¢1/2)
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Plots: DCCI2 SF,  Lines: Gaussian SF w/ 1, = 1.08 fm
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o = w  wm =20 |ndication of a bound state in 2s ,
g [MeV] (Eg = 10-70 MeV)




Effects of Collectivity

SF generally depends on g
due to e.g., collectivity

Close In position space

Close in momentum space

200 .
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| . | . | . 0

r [fm]
B Slightly positive g—r correlation

B Significant small source at small g




Effects of Collectivity

SF generally depends on q Close in position space

due to e.g., collectivity Close in momentum space
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B Slightly positive g—r correlation CF at small g is sensitive to
B Significant small source at small g the WF in the scattering region




Effects of Hadronic Afterburner

Primordial core + Decay Core w/ decay

Direct p and ¢ from core
at hypersurface

+ Decay + Rescatterings + Corona> Full (Comparable to experiment)

0.5 . : | :
—_— I Gaussian (rp=1.08 fm) —— |
T 04l DCCI2 primordial core B -
& core w/ decay T
= full —
03[ —_ .
CO I p-p@p-¢ )
~ : p+p Vs =13 TeV 1
“I 02f High-mult. 0-0.17% .
[ 0.7<S7<1 ]
C\L C p: -0.8<np<0.8 0.5<p1<4.05 GeV ]
B 01 ¢: 0.8<n,<0.8 .

< i

0 P L | . | ; — ]

0 2 4 6 8 10
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B Distribution at hypersurface ~ Gaussian
B Resonance decay — A little long-tail
B Hadronic rescatterings
— Long-tail and larger source size



Effects of Hadronic Afterburner

Primordial core + Decay Core w/ decay
Direct p and ¢ from core :
at hypersurface + Decay + Rescatterings + Corona | EUll (Comparable to experiment)

— Gaussian (1=1.08 fm) —— | S T e
T 0 4:_ DCCI2 primordial core M | = Gauss. (ro = 1.08 fm) - gggj?é;l"ffbo'o'n%‘ l
S core w/ decay 1 [ bcelz prclﬁgr‘il/aégg; S| Rmieslon fyme comection ]
= I __ full — 2| full B | g Cpoeon
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r [fm] | Sapsepennen "
B Distribution at hypersurface ~ Gaussian E g [M v &
i : q |Me

B Resonance decay — A little long-tail
B Hadronic rescatterings Larger effects of hadronic rescatterings

— Long-tail and larger source size than resonance decay on SF & CF




Effects of Dynamical Hadron Emission

Emission time difference of the pair :> . : :
from a dynamical model Emission Time Correction (ETC)

Plots: w/ ETC, Bands: w/o ETC
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ETC slightly enlarges source size



Effects of Dynamical Hadron Emission

Emission time difference of the pair
from a dynamical model

I:{) Emission Time Correction (ETC)
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ETC slightly enlarges source size ¢ [MeV]

No statistically significant effects on CF In this particular case




Summary

P femtoscopy using SF from a dynamical model (DCCI2)

Effects of collision dynamics

Small but statistically significant

v" Slig

ntly larger source size mainly due to hadronic rescatterings

v" SF depends on relative momentum due to e.g., collectivity
Phenomenological constraint on interaction

v’ Indication of a bound state in %S, /2 channel (Ez = 10-70 MeV)
Slightly different but qualitatively consistent w/ that using Gaussian SF

for

Importance of using SF that reflects collision dynamics

precise studies of hadron interactions via femtoscopy
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Koonin-Pratt Formula s. . eonin. pLz 70, 43 (1977): S. Pratt, PRL 53, 1219 (1984)

Assumptions B Chaotic source ~ thermal equilibrium

B Same time approximation
B On-shell approximation
B Closed system after emission ~ in vacuum propagation

f d4xad4xb Saq (pa; xa)Sb (pb; xb) |§D(q; 1‘) |2
[ d*xq Sq (Do xa) [ d*xy Sy (Py; xp)

Pair Rest Frame (P = 0)
Integrate out CM

cm>=fd%smm>mmmn2

C(q,P) =



Rewriting Koonin-Pratt Formula

Only s-wave scattering
Spherical SF o(q;r) =exp(iq - 1) — jo(qr) + ¢o(q; )
S(q;T)

Plane-wave Plane-wave WF
\ (s-wave) (s-wave)

C(q) = f 3r S(q; 1) lp(q; )2

=1 +f dr 4ntr?S(q;r) [leo(q; )% — |jo(qr)|4]
0

SF s-wave Change
w/ Jacobian Increase/Decrease of WF by FSI



Interpretation of Correlation

Considering only s-wave scattering together with spherical SF
00

C@) =1+ j dr 4nr2S(q;r) [oo(q; ™I — ljo(qr)|?]

0 SF s-wave Change
with Jacobian Increase/Decrease in WF by interaction

‘ Deviation of C(g) from 1 = How much SF “picks up” WF change ‘
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Interpretation of Correlation

Considering only s-wave scattering together with spherical SF
00
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Spin-Average

25+1

WEF in KP formula = Weighted average of WF in each L, channel

2
p|* = z W(s,L,)) “P(S’L'D ‘
states(S,L,J)

B 25 +1 2] +1
PELD T (25, + D25y + 1) 2L + 1)(2S + 1)

Koonin-Pratt formula
Spin-independent SF <« chaotic source

Spin-averaged CF
Ctot(q) = z sy CO(q)

states(S,L,J)

Comparable
w/ exp. CF




WF w/ Final State Interaction

Focusing on low-g region w/ chaotic source and closed system assumptions
— Steady-state Schrodinger eq. w/ central force

Partial-wave expansion

0.0)

@@7) = ) 2L+ D)ilgy(q;7)Pi(cosb)

[=0
25+1
For each L, channel, W =1,
1 dz 1 l(l n 1) qz Reduceglm;ss:
_Zudr2+v(r)+2,u 2 ]UZ(CI;T) =ﬂ”l(¢li7”) u=ma1,flb




L_ednicky-Lyuboshits Model

R. Lednicky and V. L. Lyuboshits, Yad. Fiz. 35, 1316 (1981)

C(Q) =1+ [ dranr?S(q;m)o(q;m)I% = ljolgr)I?]

Assumptions 2
B Gaussian SF: S(q;7) = S(r) « exp (_ r_)

2
474

B Asymptotic WF (+ effective range correction)

| fo(q)1? T eff 2Refo(q) Imf,(q)
C =1+ Fol— |+ F;(2gry) — F,(2qgr
(q) 27"02 3 o N 1(2q7) o »(2q71y)
] . . 1 » 1
Fi, ..., F3: Known functions, f,(q) = ot~ —a—10+§reffq2—iq

‘ CF becomes a function of ag, 7e¢s, and ‘




Existing p¢p Femtoscopy 1

Experimental CF aLick, pre 127, 172301 (2021)
High-multiplicity (0-0.17%) p+p collisions at /s = 13 TeV

% 1.5;— ALICE pp Vs = 13 TeV —; . , ] ]
S wono-omineo 4 Lednicky-Lyuboshits fit
13_+ o e 3 R Lednicky and V. L. Lyuboshits, Yad. Fiz. 35, 1316 (1981)
- Lednicky-Lyuboshits model ]
2E g, Genmmsemiomesm o (Ggussian source size: ry = 1.08 fm
- R(f ) =0.85 + 0.34 (stat) + 0.14 (syst.) fm 3
1.1 :— S(fo) =0.16 £ 0.10 (stat.) + 0.09 (syst.) fm —:
s Moo 3 Scattering length: ay = —0.85 — 0.16i fm
En oo a3 - Effective range: 1o = 7.85 fm

0 50 100 150 200 250 300 350 400
k* (MeV/c)

Attractive pg Interaction as a spin-average




Existing p¢p Femtoscopy 2

Spin-channel-by-channel femtoscopy &. chizzalietal., pLB 848, 138358 (2023)

Gaussian source size: 1y = 1.08 fm

453/2: HAL QCD potential v. Lyuetal, PRD 106, 074507 (2022)
al’? = —1.43 fm, r/? = 2.36 fm
Attraction without bound states

%S, /»- Parametrized potential < Constrain by experimental CF
al’? = 1.54 —i0.00 fm, r'/* = 0.39 +i0.00 fm
W Strong attraction
m Small effects of channel-coupling

Indication of a pg bound state




Overview of Present Study

SF should reflect the complex dynamics of nuclear collisions
This study: Femtoscopy using SF from a dynamical model
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Overview of Present Study

SF should reflect the complex dynamics of nuclear collisions
This study: Femtoscopy using SF from a dynamical model

[ D¢ potential ]

S350 Lattice QCD  *S; ,: Parametrization

New Schrodinger eq.

4
SF from a dynamical model | | WFE ]

' ’ Koonin-Pratt formula 'v

p¢ CF from a dynamical model ]

Scattering length
Effective range

[ Pp CF (Experiment) }




*S3/, Channel

HAL QCD potential v. Lyuetal, pro 106, 074507 (2022)

V(r) [MeV]

Short-range attraction

-100f
-200f

-300f

-400F

-500p

llllllllll

.........

HAL2022
a; =-371MeV, by = 0.13 fm, a, = -119 MeV,
b, = 0.3 fm, a3 = -1.62 fm5>, by = 0.63 fm

-16 .
1 1.2 1.4 1.6 1.8 2 22 24

r[fm]

No bound state

150

50

Lattice QCD at nearly physical point (m,, = 146.4 MeV)

V(B/Z) (r) = ale_(r/bl)z + aze_(r/bz)z + aBmf"[f(r; b3) 72

Argonne-type form factor:
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WEF Change: Interaction-Dependence
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The negative valley moves towards the small 7 region



Compare with ALICE Data
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Compare with ALICE Data

Cc3/2): Fixed, €1/2): Change with
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Compare with ALICE Data

Cc3/2): Fixed, €1/2): Change with
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Emission Time Correction (ETC)

Problem
Dynamical model — Emission time difference: S(q;r° = 0,1)

Violates same time approximation in KP formula

Free propagation until the other’s emission

Source Vacuum @ S(q;r° #0,1) m SET(q; rerc )5 (°)

(tp, xp )

\

) P

\ A Ygrc =7 + E—a (tp — ta)0(tp — tg)
a

B (tg — tp)O(ty — tp)

vy L
(te, Xq )mngc ) Eb

Free propagation Correction




Core—Corona Ratio

Y. Kanakubo, Y. Tachibana, and T. Hirano, PRC 105, 024905 (2022)
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