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Hadron correlations

Hadron correlations in nuclear collisions
— Useful for studying hadron interactions

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

' Total momentum: P =p, +
C( ) = Npalr (pa’ pb) Relative momentum: q = ’Izgpa_%bapb
q T -4 mag+mp
N a (pa) N b (p b) Two-particle momentum dist.: Np,ir (Pg, Pp)

One-particle momentum dist.: N,(p,)

Hadron CF contains information on
B Space-time structure of the matter

B Final state hadron interactions




Femtoscopy

Koonin-Pratt (KP) formula
S. E. Koonin, PLB 70, 43 (1977); S. Pratt, PRD 33, 1314 (1986)

Clq) = Jd°r S(g;r) lo(g;T)I°
[ CF ] <::I [Source Func.] & [Relative W.f.]
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S. E. Koonin, PLB 70, 43 (1977); S. Pratt, PRD 33, 1314 (1986)

Clq) = Jd°r S(g;r) lo(g;T)I°
[ CF ] <::I [Source Func.] & [Relative W.f.]

From measured correlation function
B |nput: hadron interaction — Output: source function
B Input: source function  — Output: hadron interaction

Only s-wave scatt. with spherical SF Weight Function

C(q) =1+ [, dr 4nr?S(q;) {loo(q; )% = Lio(gr)]?}
Deviation of CF from 1 = How much SF “picks up” WF



p—¢ femtoscopy

Experimental CF ALICE, PRL 127, 172301 (2021)
High-multiplicity (0-0.17%) p+p collisions at /s = 13 TeV
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p—¢ femtoscopy

Experimental CF ALICE, PRL 127, 172301 (2021)

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

N N
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ALICE pp Vs =13 TeV ]
High-mult. (0 —0.17% INEL > 0)
07<8;<1.0

o po®P

Lednicky-Lyuboshits model

d,=7.85+ 154 (stat) + 0.26 (syst) fm  —
R(f) = 0.85 + 0.34 (stat) + 0.14 (syst) fm  J
3(f) = 0.16 + 0.10 (stat.) + 0.09 (syst) fm ]
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Lednicky-Lyuboshits fit
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R. Lednicky and V. L. Lyuboshits, Yad. Fiz. 35, 1316 (1981)

Gaussian source size: 1, = 1.08 fm

Scattering length: a; = —0.85 — 0.16i fm
Effective range: 7.4 = 7.85fm

Attractive p—¢ Interaction as a spin-average




p—¢ femtoscopy

Spin-channel-by-channel femtoSCopY &. chizzaii etal., pLB 848, 138358 (2023)
Gaussian source size: ry = 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, /». Parameterised potential «<— Constrain by experimental CF




p—¢ femtoscopy

Spin-channel-by-channel femtoSCopY &. chizzaii etal., pLB 848, 138358 (2023)
Gaussian source size: ry = 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, /2. Parameterised potential <— Constrain by experimental CF
al’? = 1.54 —i0.00 fm, r'/* = 0.39 +i0.00 fm
W Strong attraction
B Small effects of channel-coupling

Indication of a p—¢ bound state
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Overview of the present study

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

[ p—¢ potential ]

*S, 2+ Lattice QCD %S 2+ Parameterisation

New Schrodinger eq.
v

SF from a dynamical model ] [ WF ]

w ‘ KP formula ,y

p—¢ CF from a dynamical model]

Scattering length
Effective range

[ P—¢ CF (Experiment) ]




*S3/, Channel

HAL QCD potential v.Lyuetal., prD 106, 074507 (2022)
Lattice QCD at nearly physical point (m,, = 146.4 MeV)

— 2 _ 2
VE/D(r) = a;e=/PD" 4+ a,e=/P2)" + am} f(r; bs) ;e:
Short-range attraction TPE
0-
-1003— g: ''''''''''
% -200F lgj
= [ 12 ]
— -300f B A 1]
; E 1 1.2 1.4 1.6 1.8 2 2.2 2.4
-400F HAL2022
: 2203 fm, 5 =163 fm5, by = 063 fm
-500F
OIIIIOISIIIIlllllI1|.5IIII|2II.I2|5IIII3
r [fm]

No bound state

Argonne-type form factor:
2
f(r;b3) =[1—e~/%)]

Parameter Fitted value

a; [MeV] —3714+27
by [fm] 0.13+0.01
ay [MeV] —119439
by [fm] 0.3040.05
as [fnﬂ —1.62+0.23
by [fm] 0.6340.04




*S3/, Channel

- Argonne-type form factor:
HAL QCD potential v.Lyuetal., prD 106, 074507 (2022) Friby) = [1— e~/
Lattice QCD a.t nearly phySicaI pOint (mn- — 1464 MeV) Parameter Fitted value
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2 2 111 ) . .
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No bound state Ie S L



*S. ,, Channel

Parameterised potential e chizzaii etal., pLB 848, 138358 (2023)
Channel-couplings are neglected for simplicity

—2MyT

Va2 (r) = ,B[a1e_(r/b1)2 T aze_(r/bZ)z] + agmz f(r; bs) .
Short-range interaction TPE

2

Only one
adjustable
parameter

p

default: p =7




*S. ,, Channel

Parameterised potential e chizzaii etal., pLB 848, 138358 (2023)
Channel-couplings are neglected for simplicity

—2MyT
Va2 (r) = ,B[a1e_(r/b1)2 T aze_(r/bZ)z] + agmz f(r; bs) 2
Short-range interaction TPE
00|5|1r[¥rf;ﬂl22l53
aO —_ 199 fm
Vaff = 0.46 fm

A bound state

Only one
adjustable
parameter

p

default: p =7




%S, Channel

Parameterised potential e chizzaii etal., pLs 848, 138358 (2023) | Only one
Channel-couplings are neglected for simplicity adjustable
) ) p—2MgT parameter
V(l/z) (T') — ﬁ[ale_(r/bl) + aze_(r/bZ) ] - agm%f('r, b3) rz B
Short-range Interaction TPE default: § = 7
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A bound state AT



Dynamical model

Dyvnamical Core—Corona
Initialisation model (DCCI2

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

A state-of-the-art dynamical model
based on core—corona picture

Core:
Equilibrated matter ~ QGP

~—— Corona:
Non-equilibrium partons

PYTHIAS/PYTHIAS Angantyr

Initial partons

A
(3+1)-D hydro g

with source terms g
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Hadronic afterburner
Final state hadrons
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Dynamical model

Dyvnamical Core—Corona
Initialisation model (DCCI2

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

PYTHIAS/PYTHIAS Angantyr

Initial partons
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with source terms g
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A state-of-the-art dynamical model
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Applicable to HM p+p collisions




How DCCI2 works

HM p+p collisions at+/s = 7 TeV
Movies: Courtesy of Y. Kanakubo

Transverse plane x—ns plane

Describe the space-time evolution of nuclear collisions
— SF that reflects collision dynamics
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Source function from DCCI2

g-integrated SF
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Source function from DCCI2

g-integrated SF
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Larger source size (r4)
mainly from hadronic rescatterings



Source function from DCCI2

g-integrated SF q-differential SF

I SF generally depends on g
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Source function from DCCI2

I SF generally depends on g
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Correlation function from DCCI2

Plots: DCCI2 SF,  Lines: Gaussian SF (1, = 1.08 fm)

Green: C(3/2), Blue: C(1/2), Red: Ctot = 2¢3/2) 4 ¢ 1/2)
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Compare with ALICE data

Cc(3/2): Fixed, €1/2): Change with B
Compare C°t = §C<3/2) + % ¢ (1/2) with ALICE data
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Compare with ALICE data

Cc(3/2): Fixed, €(/2): Change with 3
Compare C°t = §C<3/2) + % ¢ (1/2) with ALICE data
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Compare with ALICE data
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Compare with ALICE data
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Summary

‘p—gb femtoscopy using SF from a dynamical model (DCCI2) ‘

Effects of collision dynamics
Small but statistically significant
B Slightly larger source size due to hadronic rescatterings
B SF depends on the relative momentum due to e.g. collectivity

Constraint on interaction
Indication of a bound state in %S, 12 channel (Ep = 10-70 MeV)

Importance of using SF that reflects collision dynamics
for precision hadron interaction study via femtoscopy
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Koonin-Pratt formula sz «eonin pLs 70, 43 (1977); S. Pratt, PRD 33, 1314 (1986)

Assumptions B Chaotic source ~ thermal equilibrium

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

f d4xad4xb Sa(pa; xa)Sb (pb; xb)|<P(CI; r)lz
f d4xa Sa (pa; xa) f d4xb Sp (Pb; xb)

Pair Rest Frame
Integrate out CM

C(q) = jd3r S(q;r) lo(q;r)I?

C(q,P) =



Rewriting Koonin-Pratt formula

Only s-wave scattering
Spherical SF p(qg;T) = exp(iq - 1) — jo(qr) + ¢o(g; 7)
5(q; 1)

Plane-wave Plane-wave w.T.
\ (s-wave) (s-wave)

C(g) = j 437 S(q: ) |o(q; )2

=1+ f dr 4nr?S(q; ) {leo(q; 7)I? = Lo (qr)]1?}
0

SF WF
w/ Jacobian Increase/Decrease of w.f. by FSI



Interpretation of correlation

Considering only s-wave scattering together with spherical SF
CO

C@) =1+ [ dr 4mr25(g;m) (oola; I =l
0 SF Weight Function

w/ Jacobian Increase/Decrease in w.f. by interaction

‘ Deviation of C(g) from unity = How much SF “picks up” WF ‘

r*) [fm™1]

4nr 2«SEIC(q”,
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Interpretation of correlation

Considering only s-wave scattering together with spherical SF
CO

C@) =1+ [ dr 4mr25(g;m) (oola; I =l
0 SF Weight Function

w/ Jacobian Increase/Decrease in w.f. by interaction

‘ Deviation of C(g) from unity = How much SF “picks up” WF ‘

r*) [fm™1]
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Lednicky-Lyuboshits model

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

C(@) =1+ [ dranr?S(q; v ) {@o(q; 1% — [jo(qr)]?}

Assumptions 2
B Gaussian: S(q;r) = S(r) < exp (_’"_)

418
B Asymptotic w.f. (+ correction)

fo(@I? . (Terr) | 2Refo(q) [mf,(q)
C =1+ F;l— |+ F,(2g7,) — F,(2qgr
(q) 27‘02 3 o N 1(2q75) o 2(2q7))
. : _ 1 _ 1
Fi, ..., F3: Known functions, f,(q) = e —a—10+§reffq2—iq

CF becomes a function of agy, res, and rg



Relative w.f. w/ FSI

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

Partial-wave expansion

o(@7) = ) 2L+ 1)itp,(q;r)P(cos0)
[=0

25+1
For each ™ "L, channel, w =1
1 dZ 1 l(l + 1) q2 Reduced mass:
_Z,udrz +V(r)+2‘u 2 ]ul(q;r) =ﬂul(qi7") u=macﬁr,flb




Core—corona ratio in p+p collisions

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

200

g-differential SF
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50

p £10.097247%0.004917 |
1 | 1
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=
=]

&
=
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i

4Hr*2°S§gC(q*; r*) [fm1]

Positive g—r correlation

Collectivity of generated matter

Close In position space

g

Close In momentum space




Spin-average

Relative w.f. = Weighted average of w.f. in each *'L, channel

2
— S,L,
[p|* = Z s, le®HD]
states(S,L,J)
25 + 1 2] +1

PELD T (25, + 1)(2s, + 1) (2L + 1)(2S + 1)

KP formula
Spin-independent SF <« chaotic source

Spin-averaged CF

Comparable
C*'(q) = 2 s,y € (q) /p
states(S,L,]) Wi EXD.




Weight Function: S-dependence

Weak Attractive potential w/ a bound state Strong
B =6 B =17 B =8 B =
ap, = 4.54 fm a, = 1.99 fm a, = 1.23 fm ap, = 0.85 fm
EB — 23 MeV EB —_ 133 MeV EB —_— 375 MeV EB — 931 MeV

q lhﬂevl
q [I\ﬁeV]
q If\ievl
q lr‘ﬁevl

6 8 2 4
r [fm] r [fm] r [fm] r [fm]

The negative valley moves towards the small r region



Effects of hadronic afterburner

Core w/ decay

Primordial core + Decay Effects of feed-down

Direct p and ¢

from core (hydro) | + Corona + Decay + Rescatterings> Full: Comparable with experimen_t)
Effects of feed-down & rescatterings (& corona)

T T T T T T T T T T T T " T T ! T T T
—— T - 7 , _A@T. 4 [DCCI2SF
Gaussian (rp=1.08 fm) —— ] 2e | p qb(-Dp ¢ ptp Vs=13TeV
0.4 DCCI2 primordial core BN | al Gauss. (rp=1.08 fm) mmmmm Eggig;;“ffb“'“-lm
' core w/ decay 1 [ DCCI2 primordial core EEEE Emission tme correction |
full E— ] ? core w/ decay P Osepred 5 Gev
0.3 ée_)— ¢ i 2r full =0 | 4-0.8<n,<0.8

p+p Vs =13 TeV

Amr™2 'SIE,;{ c (r*) [fm™1]

e T e o e e L e e
[§]

0.2 High-mult. 0-0.17% — o 1‘5:_
0.7<St<1 ] §U i
0.1 B oaar<on PTGV ] 0 \
p-¢: |g |[<200 MeV 1 1 I
0 ;1 6 I 8_ B - i(}
r’ [fm] 0S| gyt iz
. . Total i T
B ~Gaussian w/ smaller source size 05 % i60 i50 200
B Decay — A little long-tail 1 IMev
B Rescatterings Larger effects of rescatterings

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




Emission Time Correction (ETC) at PRF

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

Violates equal-time approximation in KP formula

Free propagation until the other’s emission

Sourcey, Vacuum @ S(q;r° #0,1) @ SET (g TETc )6 (1°)

(tp, xp )

\ ‘\‘ o

\

VA rere =T + E—“ (t, —t,)0(t, —t,)
a

p
_E_: (tg — tp)O(ty, — tp)

Free propagation Correction



Effects of ETC

Plots: w/ ETC, Bands: w/o ETC
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No statistically significant effects on CF in this particular case
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