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Outline

@ Short introduction
o HBT correlations, final state interactions (FSI), wave functions
e Femtoscopy vs. “interaction femtoscopy”
o Need for precision treatment of FSI; non-Gaussian sources. ..
@ Methods for FSI calculation
o Direct calculation vs. “Fourier space” calculation
e Numerical & philosophical motivation
o Integral kernel for Coulomb w.f., s-wave strong interacting w.f.
o Implementation: spherically symmetric case, “3D" case
o (Seemingly) complicated formulas
— Simple and reliable numerical integrals
@ Outlook (some of the work still in progress. .. )
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Variables

moki —mko
my+my

e Momentum variables: K:=1(p1+p>), k=k*=

o Coordinate variables: r:=r;—rp, p= %

Working in 3D; assume temporal extent of source scaled into 3D sizes
eg R?,— R2,.+B%(AT)?

out

@ source function: S(r1,p1); meaning: Nl(pl):/drl S(r1,p1)
o pair wave function: ¥ (r;,ry);  assume P (ry, r)=e?KPy(r)

@ pair mom. distribution: Nz(pl,pz):/drldrz S(r1,p1)S(r2, pz)lw(Z)(rl, r2)|2

N> (p1, p2)
N1(p1)N1(p2)

@ pair source: D(r, K):/dpS(er%, K)S(pfg, K), D(r,K)=D(-r,K)

e correlation function:  C(p1,p2)=

@ normalization (for corr. functions): /dr1 S(ri,p1)=1 = /dr D(r)=1
(from now on, K suppressed)

Marton Nagy (ELTE E&tvés Lordnd University) WPCF 2026 3/19



Basic formulas

o Put together,
C(k)= / dr D(N)[()Ps F = C(k)=1- A+ / dr D(r)[di(r) .

@ \: “intercept”; core-halo parameter when D(r) has no self-similar part;
see e.g. a core-halo paper, Csérgé, Lérstad, Zimanyi, Z. Phys. C 71, 491 (1996)
o Knowing [¢x(r)[? = D(r) can be reconstructed
° Imaging (Brown, Danielewicz, PLB 398, 252 (1997))
de-blurring (Nzabahimana, Danielewicz, PLB 846, 138247 (2023))
— No assumption (“model™) for D(r) functional form (in principle)
o Assuming a source, parameters from fitting to C(k)
@ Knowing (= assuming) D(r) = |1/}k( )|?, especially 6,—o can be reconstructed
o Need for reliably calculate [ dr D(r)|¢k(r)|? integral; |¢k(r)|? distinctions:
o No symmetrization vs. symmetrization/antisymmetrization (spin-weighted)
o No FSI: plane wave (trivial 1 & Fourier transfrom)
o Coulomb FSI: well-known form (sol. to Schrédinger eq.); repulsive vs. attractive
o
(]

Strong interaction: s-wave (valid for zero range = singular but integrable |¢/|?)
Coulomb + strong: s phase shif changes (Ledniczky, Phys. Part. Nucl. 40, 307 (2009))
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Wave functions — Coulomb interaction

e Basic quantities: |, |? & |\,|? repulsive & attractive Gamow factors,
n Sommerfeld parameter, §f =arg'(/4+14in) Coulomb phase shift

27
2_
mc Nr ::e—ﬂ’n/2r(1+in)’ |Nr‘ o 627”]—1 ’
=0Qem 37> =
K hk N,:=e™/2T (1—in) 2 2mn
_e—2mn
e Coulomb wave function ¥y (r):
Attractive (=non-identical): N e ™ M (1+in,1,i(kr+kr)),
Repulsive, non-identical: N e ™ M(1—in,1,i(kr+kr)),
. N _ikr . . . .
Repulsive, symm.: 5e k [M(l—m, 1, l(kr—i—kr))—i-M(l—m, 1, /(kr—kr))} ,

Repulsive, anti.: 27 e~/ [M(l—in, 1, i(kr+kr))—M(1—ip, 1, i(kr—kr))] ,

Here M(a, b, z): (reduced) confluent hypergeometric function
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Wave functions — strong interaction (s-wave)

@ Strong interaction, no Coulomb
Non-identical: ¢y (r)=e™*"+¢— f*(k)

— ikr

Symmetrized: wk(r):%[e:kr+67,kr+2%
Antisymm’'d: zpk(r):% {eikr_e—ikr] .

AGH

o A§(k) phase shift < f,(k) scattering amplitude; sin Aje’®0 =kf, (k)
@ Various parametrizations; parameters measurable with femtoscopy
a most simple one (only assuming short range interaction; usable for low k):
élk) f- +5 r0k2flk
dates back tO Landau, Smorodinski, JETP 14 (1944) 269

@ Error estimation from assumed zero range instead of ry:
~ L dr| K2 (A - ) 8|f|?ro, vs. (2m)3/2R3 for simple Gaussian D(r)
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Wave functions — Coulomb + s-wave strong interaction

@ 1x(r) in case of strong + Coulomb
Attractive (non-id.): N e~/ [M(l—l—in, 1,i(kr+kr))+8.-U(1—in, 2, 21'kr)] :
Repulsive, non-id.: N e [M(l—in, 1, i(kr+kr))+S,-U(1—in, 2, 2ikr)] ,

Repulsive, symm. or antisymm.: add or subtract r <> —r and divide by v/2.
(Attractive antisymm.: just Coulomb terms)

@ Tricomi's function: U(a, b, z)= () { rl\(lla(i}bfb)) - M(""ﬁf;’é)b’z)}

o S,=2isin Aje Aoe=21%e™/2 for repulsive case (attractive S,: replace 7 — —1n)
o Strong phase shift in presence of Coulomb interaction Aj (for repulsive case):
— parametrized with phase shift f, (k) as sin Aje ’Aé:k|./\/,|2fc(k)
— for short range interaction, f(k) lk|./\/\ —2knh(n);
again, simplest parametrization (Landau Smorodlnsky) is ﬁ:%—k%rokz
More advanced parametrizations of K(k) abound for various particle pairs

o Ultimate goal: infer inv. scattering length fy and interaction range ry from cor-
relation measurement
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,,Roadmap”

@ Possible cases (11; cases of no Coulomb & no strong interaction omitted):

H No Coulomb \ Repulsive Coulomb \ Attractive Coulomb ‘

. . — Strong Yes Strong Yes
Non-identical Strong Yes _ Strong No Strong No
Symmetrized — Strong Yes

(Bose-Einstein) ~ Strong Yes — Strong No X
Antisymmetrized — Strong Yes
(Fermi-Dirac) ~ Strong Yes — Strong No X

o Altogether, for a given D(r), four integrals may be needed
similarly to Kincses, Nagy, Csandd, PRC 102, 064912 (2020)

I(l)(k):zfer(r)M(km,1,i(kr+kr))M(1+m, —i(kr+kr)),
I (k):= [ dr D(r)M(1—in, 1, i(kr+kr))M(1+in, 1, —i(kr—kr)),
ZO)(k):= [ dr D( U(l—/n,2 2ikr) U(1+ in, 2, —2ikr),
I®(k):=[ dr D(r)U(1—in,2, 2ikr)M(1+in, 1, —i(kr+kr))
@ From these & f;(k) parametrization: result can be assembled for all cases
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Calculational schemes: direct integration

@ Another distinction: D(r) spherically symmetric vs. non-spherical
(besides functional form of D(r), of course)
e Monte Carlo integration' unreliable for slowly decreasing D(r)
e Calculating C(k)=/dr D(r)|¢k(r)[?, direct calculation
suffers from OSC|IIat|ons in Yk(r); nevertheless: possible
Coulomb & spherical Lévy source: Csanad, Lskés, Nagy, Universe 5, 133 (2019)
Coulomb+-strong, spher. Lévy src: Kincses, Nagy, Csandd, PRC 102, 064912 (2020)
@ Example for protons & spherically symmetric Lévy source function:

Example C(q) functions for Pr, Pi, Ka at R=3.0, alpha=1.0 Example C(q) functions for protons

Rec=3.0; alpha=09
,,,,, =3.0; alpha=1.3
=3.0; alpha=1.7
=5.0; alpha=09
- Ree=5.0; alpha=1.3
=5.0; alpha=1.7

cc=7.0; alpha=09
Reo=7.0; alpha=13
Rec=7.0; alpha=1.7

— proton

C(@
c@

Kaon

o

— pion

1
5 03 035 04
q[Gevic] q[Gevic]

github.com/csanadm/StrongCoulombLevyBEC
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r): / (;’W‘; F(q)e™ < f(q)= / d*r D(r)e~""

E.g. Gaussian: f(q):exp(—§qR2q); if spherically symmetric: ﬂ(q):e_q2R2/2,
Lévy source: f(q)=exp(—3|qR?q|*/?); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”.
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r): / (;’W‘; F(q)e™ < f(q)= / d*r D(r)e

E.g. Gaussian: f(q):exp(—§qR2q); if spherically symmetric: ﬂ(q):e_q2R2/2,
Lévy source: f(q)=exp(—3|qR?q|*/?); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 .
Galh)=[ e 620 [ 23 e
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r): / (;’W‘; F(q)e™ < f(q)= / d*r D(r)e

E.g. Gaussian: f(q):exp(—§qR2q); if spherically symmetric: ﬂ(q):e_q2R2/2,
Lévy source: f(q)=exp(—3|qR?q|*/?); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 . 3 .
Cz(k):/d3r |1p|((2)(r)|2/(;{7:)]3 f(q)e'Qf¢/(;’7f')3 f(q)/d3re’q’|1pl((2)(r)|2
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r): / (;’W‘; F(q)e™ < f(q)= / d*r D(r)e

E.g. Gaussian: f(q):exp(—§qR2q); if spherically symmetric: ﬂ(q):e_q2R2/2,
Lévy source: f(q)=exp(—3|qR?q|*/?); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 . 3 .
Co)=[ 2 0F [55 fe™~ [ 55 @) [ e iuf
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r): / (;’W‘; F(q)e™ < f(q)= / d*r D(r)e

E.g. Gaussian: f(q):exp(—§qR2q); if spherically symmetric: ﬂ(q):e_q2R2/2,
Lévy source: f(q)=exp(—3|qR?q|*/?); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 . 3 .
Gall)=[ e 6207 [ 25 rle - [25 @) [P e 0

Instead, by means of regularization (A eRT, A—0):
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r): / (;’W‘; F(q)e™ < f(q)= / d*r D(r)e

E.g. Gaussian: f(q):exp(—§qR2q); if spherically symmetric: ﬂ(q):e_q2R2/2,
Lévy source: f(q)=exp(—3|qR?q|*/?); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 . 3 .
Gall)=[ e 6207 [ 25 rle - [25 @) [P e 0

Instead, by means of regularization (A eRT, A—0):

Go(k)
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r): / (;’W‘; F(q)e™ < f(q)= / d*r D(r)e

E.g. Gaussian: f(q):exp(—§qR2q); if spherically symmetric: ﬂ(q):e_q2R2/2,
Lévy source: f(q)=exp(—3|qR?q|*/?); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 . 3 .
Gall)=[ e 6207 [ 25 rle - [25 @) [P e 0

Instead, by means of regularization (A eRT, A—0):

(k)_)!lir.o/ d® q f /d3re—)\r lqr|w 2)( )|
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r):= / (ZW‘; F(Q)e™ o f(q)= / d®r D(r)e= '

E.g. Gaussian: f(q):exp(f%qR2q); if spherically symmetric: fs(q):e*quz/z,
Lévy source: f(q)=exp(—3|qR?q|*/2); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 3
Co)= [ PO [ 555 @+ [ 55 @) [are o

Instead, by means of regularization (A€ R™, A —0):

3 .
Calk) = Jim, (Zﬂ? f(q >/d3'”’e"‘*\w£2)<r)|2 v
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r):= / (ZW‘; F(Q)e™ o f(q)= / d®r D(r)e= '

E.g. Gaussian: f(q):exp(f%qR2q); if spherically symmetric: fs(q):e*quz/z,
Lévy source: f(q)=exp(—3|qR?q|*/2); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 3
Co)= [ PO [ 555 @+ [ 55 @) [are o

Instead, by means of regularization (A€ R™, A —0):

3 .
Calk) = Jim, (Zﬂ? f(q >/d3'”’e"‘*\w£2)<r)|2 v

e Step 1: Calculate this last r-integral, independently of f(q), i.e. of D(r),
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r):= / (ZW‘; F(Q)e™ o f(q)= / d®r D(r)e= '

E.g. Gaussian: f(q):exp(f%qR2q); if spherically symmetric: fs(q):e*quz/z,
Lévy source: f(q)=exp(—3|qR?q|*/2); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 3
Co)= [ PO [ 555 @+ [ 55 @) [are o

Instead, by means of regularization (A€ R™, A —0):

3 .
Calk) = Jim, (Zﬂ? f(q >/d3'”’e"‘*\w£2)<r)|2 v

e Step 1: Calculate this last r-integral, independently of f(q), i.e. of D(r),
@ Step 2: Then simplify the result of the A—0 limit of the g-integral.
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Fourier transform method

Calculational schemes: Fourier transform method

@ Nagy, Csandd, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
@ Assume that source is easily expressed as Fourier transform

3
D(r):= / (ZW‘; F(Q)e™ o f(q)= / d®r D(r)e= '

E.g. Gaussian: f(q):exp(f%qR2q); if spherically symmetric: fs(q):e*quz/z,
Lévy source: f(q)=exp(—3|qR?q|*/2); spherically symmetric: f,(q)=e(9R)"/2,
@ Mathematical idea: ,,interchange integrals”. Not trivial since

3 3
Co)= [ PO [ 555 @+ [ 55 @) [are o

Instead, by means of regularization (A€ R™, A —0):
d3 ;
G)= i, | s @ / srevem @07 v

e Step 1: Calculate this last r-integral, independently of f(q), i.e. of D(r),

@ Step 2: Then simplify the result of the A—0 limit of the g-integral.

@ Result (to be calculated numerically at last): well-defined functional of f
WPCF 2026
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Efficient calculation

@ Reliable theoretical G, from D(r): possible to get (where it was not before)
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Efficient calculation

@ Reliable theoretical G, from D(r): possible to get (where it was not before)
o Compare integrands of direct integration. . .
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Fourier transform method

Efficient calculation

@ Reliable theoretical C, from D(r): possible to get (where it was not before)
o Compare integrands of direct integration. . .

(Coulomb)2 1 _
o ' P, k = 8 MeV/c

M‘C“"“"“"’F k=12 MeV/c w““‘“’"”’F k = 25 MeV/c (Coulomd)2 i _ 50 MeV/c

- Emﬂ g °
= ! .
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|
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I
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Fourier transform method

Efficient calculation

@ Reliable theoretical C, from D(r): possible to get (where it was not before)

o Compare integrands of direct integration. . .

y(CoUOmI2 k — 8 MeV/c y (CoUOmIR2 K = 12 MeV/c w““‘“’"”’F k =25 MeV/c
%00 -80 -¢

9
1200 30 60 40 20 0 20 40 80 3 10 "o c0 4020 0 2 o €0 8010 o
S

s Ulmqunwsomzooznmsn

(CodomlR ¢ _ 50 MeV/c

3
25
I
2
|
s
|
0
o5
I o
~40 20 0 20

A,integrand vs. x, & =1.3,R=12

o ...vs. those of Fourier transform method:
A,integrand vs. x, = 1.3, R =12

| —k=2 —k=2
2 k=4 8 k=4
| —x-s k-6

20 k=10 o k=10
k=15 k=15

E [ ko0
k=40 k=40

10 | k=0 k=80
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Fourier transform method

Various instances
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Various instances

@ Spherically symmetric source, Coulomb only:
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Various instances

@ Spherically symmetric source, Coulomb only:

Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
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Various instances

@ Spherically symmetric source, Coulomb only:
Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)

github.com/csanadm/CoulCorrLevyIntegral
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Various instances

@ Spherically symmetric source, Coulomb only:
Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
github.com/csanadm/CoulCorrLevyIntegral
— In practical use (for Lévy shape) ever since; in 1D measurements
(PHENIX, STAR, CMS, NA61/SHINE, ...)
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Various instances

@ Spherically symmetric source, Coulomb only:
Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
github.com/csanadm/CoulCorrLevyIntegral
— In practical use (for Lévy shape) ever since; in 1D measurements
(PHENIX, STAR, CMS, NA61/SHINE, ...)

@ Non-spherically symmetric (=,,3D") source, Coulomb only:
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Various instances

@ Spherically symmetric source, Coulomb only:
Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
github.com/csanadm/CoulCorrLevyIntegral

— In practical use (for Lévy shape) ever since; in 1D measurements
(PHENIX, STAR, CMS, NA61/SHINE, ...)

@ Non-spherically symmetric (=,,3D") source, Coulomb only:

Nagy, Csanad, Kincses (2025-2026), arXiv:2601.19626; in pipeline at EPJC
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Various instances

@ Spherically symmetric source, Coulomb only:
Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
github.com/csanadm/CoulCorrLevyIntegral

— In practical use (for Lévy shape) ever since; in 1D measurements
(PHENIX, STAR, CMS, NA61/SHINE, ...)

@ Non-spherically symmetric (=,,3D") source, Coulomb only:
Nagy, Csanad, Kincses (2025-2026), arXiv:2601.19626; in pipeline at EPJC

github.com/csanadm/FemtoLevy3D
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Various instances

@ Spherically symmetric source, Coulomb only:
Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
github.com/csanadm/CoulCorrLevyIntegral

— In practical use (for Lévy shape) ever since; in 1D measurements
(PHENIX, STAR, CMS, NA61/SHINE, ...)

@ Non-spherically symmetric (=,,3D") source, Coulomb only:
Nagy, Csanad, Kincses (2025-2026), arXiv:2601.19626; in pipeline at EPJC
github.com/csanadm/FemtoLevy3D

— Implemented in STAR 3D Lévy analysis & tests of previous approximations
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Various instances

@ Spherically symmetric source, Coulomb only:
Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
github.com/csanadm/CoulCorrLevyIntegral

— In practical use (for Lévy shape) ever since; in 1D measurements
(PHENIX, STAR, CMS, NA61/SHINE, ...)

@ Non-spherically symmetric (=,,3D") source, Coulomb only:
Nagy, Csanad, Kincses (2025-2026), arXiv:2601.19626; in pipeline at EPJC
github.com/csanadm/FemtoLevy3D
— Implemented in STAR 3D Lévy analysis & tests of previous approximations

@ Spherically symmetric (=,,3D") source, Coulomb + strong:
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Various instances

@ Spherically symmetric source, Coulomb only:
Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
github.com/csanadm/CoulCorrLevyIntegral

— In practical use (for Lévy shape) ever since; in 1D measurements
(PHENIX, STAR, CMS, NA61/SHINE, ...)

@ Non-spherically symmetric (=,,3D") source, Coulomb only:
Nagy, Csanad, Kincses (2025-2026), arXiv:2601.19626; in pipeline at EPJC
github.com/csanadm/FemtoLevy3D
— Implemented in STAR 3D Lévy analysis & tests of previous approximations
@ Spherically symmetric (=,,3D") source, Coulomb + strong:

Basic calculations done
(real tricky math...)
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Various instances

@ Spherically symmetric source, Coulomb only:
Nagy, Csanad, Purzsa, Kincses, Eur. Phys. J. C 83, 1015 (2023)
github.com/csanadm/CoulCorrLevyIntegral

— In practical use (for Lévy shape) ever since; in 1D measurements
(PHENIX, STAR, CMS, NA61/SHINE, ...)

@ Non-spherically symmetric (=,,3D") source, Coulomb only:
Nagy, Csanad, Kincses (2025-2026), arXiv:2601.19626; in pipeline at EPJC
github.com/csanadm/FemtoLevy3D
— Implemented in STAR 3D Lévy analysis & tests of previous approximations
@ Spherically symmetric (=,,3D") source, Coulomb + strong:

Basic calculations done
(real tricky math...)

— Implementation: coming
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Spherically symmetric case, Coulomb FSI, symmetrized

o If f(q)=1(q), solid angle integrals come first, resulting in
VT2

GlQ)=515 lim [40¢4(6) [Purla)+ Pase(a)]

Using method of A. Nordsieck, Phys. Rev. 93, 785 (1954), with F.(x) =2F1(in, 14in, 1, x)

Dl/\s(q)— ﬂlm[()\ iq)? (1+q~2k,j)\)2m]:+( qi,:i\) )] = Step 1

T A—iq—2ik A—iq+2ik
Daxs(q )—%Im[( 9= (A—);q()2+47<2+ . completed.

o Step 2: for A—0, integral transforms with Dj s 255 become A;; 55 functionals:

G(Q)=|NP? <1+fs(2k)+Z [Ars+ Az ) , where

Als:—f’/ozoq fs(q);fs(O)Im|:(1+2;()2 }‘+<4"2 /0)]

2% f(q)—f(2k) q (q+2k)
Azs= ’/Odq =2k qrok M {q—2k=i0)n’

Marton Nagy (ELTE Eétvés Lorand University) WPCF 2026 13/19



Fourier transform method

Spherically symmetric case, Coulomb FSI

o 1 numerical integral for A;s & Aps (w/ Gauss-Krohnrod algorithm)
o Examples (for Lévy sources, it & KEK®):

g a 0(06,20) g [ a 0(0.6,2.0)
Ulvs’ Br=3m [Hr=6m Olel Br=3m [rR=6m
[ Er=9fm [Jr=12m [ Er=9m [Jr=12fm

—a=2 1_4; —a=2

TETE

K*K*

\ L L L L L Il L L L. L L
005 01 015 02 025 03 035 04 005 01 015 02 025 03 035 04
Q[Gevic] Q[GeVic]

@ New: effect of LCMS — PCMS transformation in spher. symm. calculation
(avg'd params Qrems~QV1— 153, Reems~RV/(1— 26%)/(1— 5%) vs. avg'd D(r))

Q)=/dr D(r)[t(r)[?/ Jdr D(r) 1" ()2

orange: G(Q; A\, R,a)=1-\+ J e
+>\'KC(QPCMS,RPCMSva)'Cz(O)(Q; R,a) T R

vs. blue: G(Q; A, R,a)=1-X+
+A- (Kc(Qpems, Reewss, @) - GV(Q; R, a) S
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Non-spherically symmetric (,,3D"), Coulomb FSI

First 3D measurement using Lévy sources being done at STAR
o Notation: q+ =q=+Q, Q=2k. NB: free C)(Q)=1+f(Q).

@ Three-dimensional integrals remain at all stages:

27T Ilm/d3 Du )+D2,\(q)}.

G(Q)

Doxs(q)=[d3r e’ e M(1+in, 1, —i(kr—kr)) M(1—in, 1, i(kr+kr)).

Again with Nordsieck's method, Step 1 can be completed:

. (A2+q )i21r}
Dix(a)=— d,\ ,\2+qu1 Fi(x), : Upy:= = D aqz £2HN)F

with 2 2 Lin
Paa(@) =35 /\2+q22/{2 Falo), U= (E:\\ZIZ&%J‘;)&'"’

and xl:zgqi";;ec\n@ limy_o xp:=Xi=1— B T
. 2
with .= Me[o 1,  limysoxi=Xo=1—(05)"

OO +a)

F_(x)=(14in)-2F1(—in,1=in, 2, x), g+—%
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3D Coulomb only case: result

@ Result of Step 2 (performing A—0) similar to spher. symm. case:
CQ(Q):|N|2<1+f(Q)+Z [A1+Az]>; assuming f(q)=f(—q)

e Explicit forms in customary coordinates (a, 8, ¢ for A; and b, y, ¢ for A)

: I
N

R 31
I

|
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3D Coulomb only case: result

o Explicit result: rightfully seems complicated
gain: tame, WeII—manaegabIe 3D integrands

/da/ j ))Re{ |Jar|i"’27”7 [gi‘(‘/;?il)l(ﬁgz )

- o2l

-y /d 1y Y, {(b+1)%"n 7 ) B2

. 1—|—y b—1 |b—1|2m 1+by?
26(1,y, ) ]} e2’”7—1/ f (k-+kn)—f(2k)
—2gr | A A AL A
by ) ) o —fn
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3D Coulomb only case: tests & utilizations

@ 3D Lévy sources: comparison of full 3D calculation & approx. spher. symm.
Coulomb correction
blue: Co(Q)=1— A+ A-Kc(Q)-C{(Q); i.e. full calculation
orange: G(Q)=1-A+A-KE ™™ (Rponis, Q)- G17(Q)

1.4 | 7 J
1.2 1/ ™ 1 ‘TFK
10{ | 1]
— ! I a=1.2 1
) 0.81 ¢ 1 Rout =5.7 fm |
O { f Rsige = 5.0 fm 1]
0.6 f [ Riong = 6.8 fm |
4 A=08,Br=09
0.444 —— Full
0.2 J Approx || |
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
Gout [GeV/c] Gside [GeV/c] Giong [GEV/C]

@ Importance of full 3D calculation (& LCMS — PCMS transition in case of
spher. symm. source in LCMS) increases with increasing St (~avg. pair pr)
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Status, summary and outlook

@ Fourier-space method: efficient for calculation of FSI for various D(r) models
@ Coulomb interaction (no strong):

o Spher. symmetric case: have been using routinely since 2023/2024

o Non-spherically symmetric case: newly implemented, using in 3D Lévy analysis

e Validation of 1D calculational approximations of 3D Coulomb corrections

o Generalization (=simplification) for non-identical particles: only .4; term needed
@ Strong interaction (s-wave):

o Calculation done, (even more) complicated (& intriguing)
= still did not display it here. ..
o Looking forward for precise description of exotic particle G,(Q) measurements

@ Result (shortly summarized): efficient means of calculating valid 3D Coulomb-
interacting & strong interacting & Coulomb+strong interacting correlation
functions for various source types (Gauss, Lévy...)

* %k

New exact analytic formulas in NR quantum mechanics! ©

Thank you for your attention!
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