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@ Femtoscopic correlation function

@ Amplitude and wave function

© Coulomb interaction in momentum space

@ Finite-Range effects
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The correlation function can be expressed in the Koonin-Pratt formalism:

k) = —NSE(E) = 3FS(A) [k, )
ch=nyEa [ s o)

S(r): probability distribution of the relative separation of the particles.

o (k. 1): relative wave function, containing the final-state interaction

I'H

‘ri\>:

-

-_ e =

We consider throughout this work a Gaussian source profile:

)= G (i)
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The correlation function can be expressed in the Koonin-Pratt formalism:

(k) = / &7 5(7) [b(k, PP

For an S-wave interaction,

Interacting S-wave WF

ek — jo(kr) Vs ok, r) (No Coulomb)

Pk, F) =
pc(k, 7) — 6=k, r) +Ww& (k,r))  (Coulomb)

Non-interacting WF (or Coulomb) w/o S-wave

The correlation function can be written as

1+4n /ooorzdrS(r) [|¢§=°(k, r)|2—jo(kr)2] (No Coulomb)
C(k) = N
Celh-+ar | e S()[[4° (k. )P—1¢E° (k. ] (Coulorb)

We need the strong (in the presence of Coulomb) interacting wave function
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Why KQ?
o High strangeness: S = —4
@ Scarcely explored meson—baryon interaction
@ Single-channel system

@ Repulsive interaction and clean access to Coulomb effects
Two charge sectors: Ko~ (R=-1), K Q" (R=-2)

Chiral interaction [S. Sarkar, E. Oset, and M. J. Vicente Vacas, Nucl. Phys. A 750 294 (2005)]

The lowest-order chiral Lagrangian for Goldstone bosons and decuplet baryons is
= b
L=—iTp'DTS"
In the non-relativistic limit, the S-wave interaction reduces to the contact term

p2 + p12
2mK

3
Via(p':pP) = 1 (2mK +
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Unitarity is achieved by solving the off-shell Lippmann-Schwinger equation

q°V(p',q) T(q,p)

T(p',p)=V(p',p)+ %/ dq
0

k2 — g2+ ie

with V(p’, p) = Vs(p', p) + Vc(p', p)

Strong interaction (UV regulator):
p-—

V.
s(p', T

VKQ(P p) =

V 2 k2 2 k2
) Kﬂ(p P) exp [_ Az ] exp [_pT:|

<2m +

A\ =800 MeV

p2 + plz
2mK

The exact S-wave wave function can be obtained from the half-off-shell T-matrix

()" = solke) + 55 [

q* jo(qr) T(k, q)
k2 — g2+ ie

T(k, q): half-off-shell amplitude

How can we implement the Coulomb interaction?

k on shell, g off shell
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The Coulomb interaction is long-ranged and cannot be included directly in the momentum-
space Lippmann—Schwinger equation, V(p', p) = Vs(p’, p) + Vc(p', p)
Vincent-Phatak method: Vc(r) = S0(R — r) w. vincent and 5. €. Phatak, Phys. Rev. C 10, 301 (1974)

(11) Strong+Coulomb Asymptotic

(1) LSE Solution Folk + CafscHy (lll} Free solution

——- Coulomb interaction
=== Strong interaction
=== Truncated Coulomb
—— Total interaction

Potential

-3 T T T T T
o 1 2 3 4 5 6

r[fm]

Problem: truncated Coulomb is oscillatory in momentum space
We follow a modified Vincent—Phatak construction with a Woods—Saxon regulator:

ZiZa Lt e s/
Ve(r) = =2 gws(r) gws(r) = T Rwai/b
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Full exact wave function:

A(k) [wbhort(k r)] I‘S RM,
11[)2:0 k,r *_
[ (k,n)] e"O[FO(Z’ kr) 4 foc(k) C Hy (n,kr)} >R

Fo: regular Coulomb wave Hg’ = Gp + iFy: outgoing Coulomb wave  fgc(k): Coulomb-modified strong amplitude

@ .1, (k. r): solution of the LSE with the regularized

With this method:

04 E ) Q) ([ — strong+Coulomb potential
! Dlame==g
s i @ Normalization A(k) and amplitude fsc (k) fixed by matching
“ R the wave function and its derivative at r = Ry
T i
20211
1
1
1
1
1

A6 @ Full wave function, at short and long distances
- 'short:

—= Asymptotic Strong + Coulomb

°
e
é_g;\

@ On-shell strong scattering amplitude modified by Coulomb

2 3 4 6 7
rifm]
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Full exact wave function:

ACK) [0 (ko) r<Ruw,
¢Z=0 k’r t= . r r
[ (k, )] e,UO[FO(Z;k)_i_f e 2H0 (:],k)]’ o Ry

Fo: regular Coulomb wave Har = Gp + iFy: outgoing Coulomb wave  fgc(k): Coulomb-modified strong amplitude

Solution:
eio‘g
A(k) = R
( ) [HS—(TL kr)’ ughort(k r)*:l Ry
-1 _ 2 [GO(W, kr)) shmt( ) ]RM
B0 = ik (i )
where

[}_(r%g(r)]R <]__( )dg(r) a(r )d]-'(r)> ,

r=Ry
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@ Strong interaction only (Z1Z> = 0) and Strong+Coulomb interactions (Z1Z> = 1)

Strong + Repulsive Coulomb

Strong + Attractive Coulomb

Only Strong

10 1.0

— C(k)
goo S0
g 2
208 2
< <06
Bo0.7 K
3
5 %0'4 —— Coulomb
Sos s |/ Strong
IS €o2 — ck
0.5

0.
50 100 150 200 250 3 . 50 100 150 200 250 3 50 100 150 200 250 300
k [MeV]

k [MeV]

k [MeV]

@ The modified Vincent-Phatak implementation of Coulomb reproduces the expected

behavior
@ Repulsive Coulomb: C(k) - 0
—

@ Attractive Coulomb: C(k) — oo
k—0

o At k — 0, Coulomb dominates
@ At k — oo, Strong dominates
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Recall the correlation function:

1+4n /°°r2dr5(r) (19, )~ o(kr)?] (No Coulomb)
c) = [dr sl NI = °
Cc(k)+47'r/ rzdrS(r)[|¢‘:°(k, AP =650k, r)|2] (Coulomb)

0

The wave function requires the half-off-shell scattering amplitude:

7%/ dq g’ jo(gr) T(k,q)

K — gt ic q off-shell

[k, )" = jo(kr) +

Generally we have no access to the off-shell amplitude: it is only constrained on-shell

T(k k) <«  f(K), 6(K), ...

Two different off-shell extensions can reproduce the same on-shell physics while modifying
the short-distance wave function, and therefore the femtoscopic correlation function. J

What can we calculate from the on-shell amplitude?

 Efctive Thore n Hadhon nd Nocler Physic (ETHNP 2026), Vaencs, 5 Soptember 2025/




| J = o
INSTITUT DE
FISICA

CORPUSCULAR

On-shell physics determine the asymptotic strong+Coulomb wave function:

. ikr
sin(kr) T k) (No Coulomb)
iy =4 ’
asy ) - . +
JRES [W + fsc(k) C2 M] (Coulomb)

Using the asymptotic wave function in the Koonin—Pratt formula defines the Lednicky—
Lyuboshitz (LL) approximation:

1+4r / “drs(r) [|¢§:y°(k, P jo(kr)z] (No Coulomb)
0

Cr(k) = N
Ce(k)+4n /0 rzdrS(r)[|¢ﬁ:y°(k,r)|2—|¢€=°(k,r)|2] (Coulomb)
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@ The exact wave function is not equal
to its asymptotic form in the region
probed by the source.

@ The short-distance behavior of the
wave function is dependent on the
off-shell model adopted.

= Full wave function
==+ Asymptotic Strong + Coulomb

FRP (Finite-range potential) correction:

C(k) = CLL(k) + 5CFRp(k)

SCone(k) = [ o'rS(r) [0 (k) ks

For a:

@ Local interaction, V = V/(r) (closely related to off-shellness)
o Extensive source: S(r) ~ S(0) in the interaction range

d
§Crrp (k) ~ —4m S(0) C2|fsc(k)|?

[Re fok + 2nkh*(n)]
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For a:
@ Local interaction, V = V/(r) (closely related to off-shellness)
o Extensive source: S(r) ~ 5(0) in the interaction range

d
6Cenp (k) = —4 S(0) G fsc (W) [Re fok + 2nkhx(n)]

We introduce a phenomenological parameter 3 to absorb off-shell and source size effects:

6Crnr (k) = —47 B S(0) Colfsc(K)P -5 [Re foc* + 20kt (n)]

dk? [

o f~1
@ 3 # 1: accounts effectively for source-size and off-shell effects.

Therefore,

Wy = o+ [ rase) [masy(k AR ~16E° (k. NP

—47BS(0)C " |fsc(K)|? [Re fsc ! + 2nkhA(n)]

dk?

Dependent on: On-shell physics, Coulomb parameters, and an additional parameter 3
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@ Source size: R = 0.5 fm to enhance short-distance effects

Only Strong Strong + Repulsive Coulomb Strong + Attractive Coulomb
1.0 10
— CExact
§09{ -—= G s —
'§ e ;—: 0.8 e
Sos S 555
Z 0. 2
5 §0° =
507 5 r
g o4 —
E os é (Sifulomb
S P R 1 rong

€ €o2 — CExact

0.5 -— Cu

00
0 50 100 150 200 250 300 0 50 100 150 200 250 300 50 100 150 200 250 300
k [MeV] k [MeV] k [MeV]

@ C(k) <> exact wave function from the momentum-space LSE.

@ Cpr(k) <> asymptotic wave function using the extracted fsc (k).

The difference C(k) — Crr(k) is due to the short-distance region where ¥exact # Vasy- J

 Efctive Thore n Hadhon nd Nocler Physic (ETHNP 2026), Vaencs, 5 Soptember 2025 15/



| J = o

it
INSTITUT DE
FISICA
CORPUSCULAR

@ The FRP correction accounts for the difference between the exact and asymptotic

CFs
Only Strong Strong + Repulsive Coulomb Strong + Attractive Coulomb
1.0 1.6
— CExact 1.0 0.68

5§09 ——= Cu Sos = 1.4 oo
g === Cu+6C (B=0.52) A g == 0.60
208 2 e 1.2
< c 0.6 -
2 2 ==
Bo7 ki = 1.0
£ Co04{ A
£ 5
O 0.6 o 0.8 _
IS €o21f "= ||\ =

0.5 S0 75 100 125 150 061 Nemm===

0 50 100 150 200 250 300 O'VO 50 100 150 200 250 300 50 100 150 200 250 300
K [MeV] K [MeV] K [MeV]
C(k) = CLL(k) + (5C(k),
2 2 d —1 A
6Cenp = —4mBS(0)Crfscl’ 5 [Re folk + 2nkh ] .
o [ effectively absorbs the finite source and short-distance interaction effects.

52

@ For the present interaction and source: | 8

In a realistic analysis, the on-shell scattering amplitude fsc plus the phenomenological
parameter (3 provide an effective description of the full correlation function J
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@ Coulomb effects can be incorporated in momentum space via the WS-VP method

@ The correlation function is sensitive to the wave function at the short distances
covered by the source.

@ The short-distance wave function depends on the half-off-shell interaction, which is
not fixed by on-shell scattering observables.

@ The usual asymptotic (LL) approximation contains only the on-shell scattering
amplitude and can therefore miss finite-range effects.

@ The FRP correction, parametrized by 3, provides an effective way to account for
the missing short-distance information.
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