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(Very basic introduction to) femtoscopy
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® Known the source S(r), explore interactions
(encoded in the wave function)
* A new method to explore hadron interactions

[L. Fabbietti, V. Mantovani Sarti, and O. Vazquez Doce,
Ann. Rev. Nucl. Part. Sci. 71, 377 (2021)]

® Many more details in several talks:

J.
J

W.-H. Liang [Mon 15:30]

P.,

D. Fujii [Mon19:15]

M. Nieves [Tue 15:00]
.Torres-Rincon [Tue 15:30]

P.Shi [Mon 16:50]
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> L-S.Geng|[Tue15:50]

» K. Khemchandani[Tue16:10]
> A Feijoo [Tue16:30]

» 0.Vazquez Doce [Tue 16:50]
> P.Encarnacion [Tue19:15]

> M.F.Barbat [Tue19:55]
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Coulomb interactions: why they are inevitable
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

o Most measured pairs are charged: pp, K~p, p=—, aaq, ...

- (Scales)

0 7\ T 1 7T ‘ T 1 17T ‘ T 1 1 1

nky=-C, kR =ZzZa, p=-— 1

k 9 C 1927%em GB’
2mn =
2 _ ). 2 _

G= lwp(0)]* = o (Sommerfeld factor) :“:: o3
ke ag=1/ke R o
pp  3.4MeV 57.6fm 1.25fm - e

aa  54.4MeV 3.6fm 5.4 —6.5fm
10-6 L T I I IR N
0 50 100 150

k(MeV)
o [Cross sections vs. CFs]

» Scattering: dN/dk ~ I?2|ka|2, the phase space suppresses the region k < R, precisely
where Cf] — 0 = Coulomb is a correction, undone through the Coulomb-modified ERE,
with 6, extracted where n <1

> Femtoscopy: in C(R) = §(R)N, o (R)/N ieq(R) the phase space cancels, leaving <\ka|2>R
itself, measured at k < 100 MeV (n = 1) = Coulomb is very relevant

® Analytic Coulomb: no Schrodinger equation to be solved numerically
® Beyond LL [R. Lednicky and V. L. Lyuboshits, Yad. Fiz. 35, 1316 (1981)]:
(1) exact unitarity, (2) EFT amplitudes, (3) off-shell effects
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Coulomb interactions: why they are inevitable
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

o Most measured pairs are charged: pp, K™p, p=~, aaq, ...
: .

c 1
n(k) = T ke = 2,2,0 0 M = a,’ . )
2m A i L
= lwz(0)] = eZTL (Sommerfeld factor) E I A M

Y T bV~ INEVITABLE

aa  54.4MeV 3.6fm 5.4 —6.5fm

© [Cross sections vs. CFs]

» Scattering: dN/dk ~ k2|q)k\2, the phase space suppresses the region k < R, precisely
where Cf] — 0 = Coulomb is a correction, undone through the Coulomb-modified ERE,
with 6, extracted where n <1

> Femtoscopy: in C(R) = §(R)N, o (R)/N ieq(R) the phase space cancels, leaving <\ka\2>R
itself, measured at k < 100 MeV (n = 1) = Coulomb is very relevant and inevitable

® Analytic Coulomb: no Schrodinger equation to be solved numerically
® Beyond LL [R. Lednicky and V. L. Lyuboshits, Yad. Fiz. 35, 1316 (1981)]:
(1) exact unitarity, (2) EFT amplitudes, (3) off-shell effects
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Coulomb interactions: formalism
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

o Free (plain) waves Ry [V=0]

- « Only Coulomb wg) 1= 7

o Full (Coulomb and strong) |¢Ei)) V= \7C + \75]

* |Amplitudes | Gell-Mann-Goldberger decomposition: (two-potential trick; distorted wave theory)
[). Nieves, Phys. Lett. B 568, 109 (2003)]

[X. Kong and F. Ravndal, Nucl. Phys. A 665, 137 (2000)]

)

=H +
c= Mot

T)
<

C

2N (R Oz ) W Wi
TR, R) = (RITRY + (wp, ITsclwp ) = T(R,R) + T (R, R)
» T, strong amplitude in the presence of Coulomb, taken between Coulomb states

» [Origin of T, | two exact relations: [TSC = 04 Ol s B =B 4 G G%]

(@) Toclwy ) = Vs lg") (b) I¢p") = Z (6¢"E))" |w?>

n=|
P 7 QIMCEIRE - B )
= Tul® B = w5 Wales”) = i 1V (6677) v
n=
» Contact strong interaction (S-wave): (g |V IG) = C = it factorizes
12 ~
<L[Jk, |V \t,UH)) el G, [w;f)(o)] — G, C2e? ), each loop: <0|GC )(Ek)|0) =J,(E,)

) n=C n=1 CZ] 2i0g
T, (E):CzeZ’OO(C + CyJo(ER)C +--->=77
sc\Fr n 0 0/0\Fr/ %0 CoW*JO(E,?)
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Coulomb interactions: formalism (I1)
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

1
Ep —ﬁc+ i€
> All we need is <?|G(C+)(Ek)\6): 7 =0 — amplitude; r = 0 — wave function

. (+)
/ g lwg (O
=0 @’ E, ——+le

@@@

» UV divergent — one subtraction [A = +1(=1) for repulsive (attractive) Coulomb; n = Aa/k]

2
Jo(E) = Jo(0) ~ 122

° [Coulomb propagator] G(‘CH(Ek) = resums all Coulomb photons

[(Modlﬁed) loopfunctlon]/ = <r|GC ( )10)

C
H\(n). HA(n) = P(n) + i

2n
. TolB) =~ S G (), f5l(k) = Co (cots, 1)

fs¢(R) + 2Aaut(n) = ,ai R e = Zu" (G5 (K) — 1,(0)]
0

> Energy-dependent C,(k?): the ERE (or any EFT) fixes the input
o same resummatlon asin Tg., now at r # 0:
Toc(Ep) GC (Ek;r)

e~™M/21 (14 in)
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Coulomb interactions: formalism (l11)
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

* (Correlation functions| Koonin-Pratt: C(E,) = /d37§(r) |67, k)|’ [s(r) = 4mr5(r))
* Adding and subtracting |y, |* (Coulomb) and |$,|* (asymptotic):
C(E,) = C.(E,) + AC, (E,) + 6C(E,)

» Purely Coulomb CF: C.(E,) = /d3?§(r) |qJ(?, Fe)|2 (all partial waves; dominated by C?)
> LLterm: AC, (E,) = /drS(r) (\d)o(r, RI> = |w,(r, k)|2) (exact on-shell T, asymptotic w.f)
do(R)CE Ifsc(R)P
2 0\ ™n V'sc (Famous)
> FRP term: 6C(E, /dI’S |6g(r, R ‘ [y (1, R)] ) —B l/TIRD off-shell effects

dy(R) = ry+ 4vyR? + - = ZW (Refsl (R) + 2Aauh’(n))
[E. Epelbaum et al,, Phys. Rev. Lett. 136, 212301 (2026)]

Summary of our approach

® No numerical sol. of Schrodinger equation
® Connection with EFTs, contact interactions
N . Off-shell effects partially included (B)
® Paper: all derivations, connection to other
works
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Coulomb interactions: comparison with Koonin
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

® Koonin: using the Coulomb and RSC central, spin-orbit, and diagonal tensor potentials in
all pp channels (¢ < 3) [S. E. Koonin, Phys. Lett. B 70, 43 (1977)] [R. V. Reid Jr, Annals Phys. 50, 411 (1968)]

* C(E,) #1 (appreciably) only for a small range of p: 'S; wave (our case)

® Qurinput: ERE forfgg(p) = fai 4F %rop2 +v,p*+-+ , same parameters as obtained with RSC
0

* \We compare for several values of R (v2R = 2...6 fm): [C(Ep) = C(E,) +0C, (E,) + 6C(Ep)]

> AC,, always overestimates the true CF.
» For V2R = 4fm, all curves (not LL or Cc) are very similar
» For v/2R = 2fm, the FRP can be improved by considering 8

I O B ) B B B B T T T 1 T T 1 I T T 7T Tr717]
60 : ,\/ER:me — Square well ] S V2R = 4fm  — Square well i
- N . I b
F/ N Cc 1 20~ e R
E/ Y -= Ce+OG, . I N - Ce+AG, ]
vl ! \\ —= Cc+AC, +6C . ~= Cc+AG +6C ]
s F! — Koonin 13 & B
[S] = = 1 © [ . i
I e e TS =
2.0 4 F :
0.0 L (I 0.0 L T T YT T )
0 20 40 60 80 0 20 40 60 80
p(MeV) p(MeV)
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0
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Coulomb interactions: comparison with ALICE pp data
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

® Analysis of pp CF: [ALICE, Phys. Lett. B 805, 135419 (2020)]
Data contain feed-down contributions: C’'(p) =1 +App(cpp(p) —1) +AppA(CppA(p) —1)
O Cyp (p): protons from the weak A decay

A

e Same formulae for C._ (p) as ALICE (LL formula, same values A__ = 0.67,A_ = 0.223)
PP, pp PP,
s A

Genuine pp CF [Cpp(p)]: again, our input is the ERE for fo.(p) (RSC paramaters)

® Results:
« ALICE data = = LL FRP, 1y
— Square well =~ FRP, dy(p)

U L L L L L
T q T T T T

> AC,, overestimates the data
» Square well near the data

BE5)

3.0

2.5

c'(p)

2.0

R e U

S _R=1.249(8)(24) fm

Se

0 25 50 75 100 125 150
p (MeV)
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Coulomb interactions: comparison with ALICE pp data
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

® Analysis of pp CF: [ALICE, Phys. Lett. B 805, 135419 (2020)]
Data contain feed-down contributions: C’'(p) =1 +App(cpp(p) —1) +AppA(CppA(p) —1)
O Cyp (p): protons from the weak A decay
A
® Same formulae for Cpp (p) as ALICE (LL formula, same values /\pp = 0.67, )\pp = 0.223)
A A

Genuine pp CF [Cpp(p)]: again, our input is the ERE for fo.(p) (RSC paramaters)
® Results:

« ALICE data = = LL FRP, 1y

— Square well =~ FRP, dy(p)

35T T TR T T T T T T
! 3.4 "o ]
\ 3.2
\ 3.0
\ 2.8
. 2.6
Y 2.4
~ 10 20 30

N

> AC,, overestimates the data

» Square well near the data

» Our approach, either with the full d,(p) or
with d,(p) =~ r,, gives a better description of
the peak

c'(p)

R e

5 E S _R=1.249(8)(24) fm
1.0 P
T O T I
0 25 50 75 100 125 150
p (MeV)
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Coulomb interactions: comparison with ALICE pp data
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

® Analysis of pp CF: [ALICE, Phys. Lett. B 805, 135419 (2020)]
Data contain feed-down contributions: C’'(p) =1 +App(cpp(p) —1) +AppA(CppA(p) —1)

O Cyp (p): protons from the weak A decay
A

e Same formulae for C._ (p) as ALICE (LL formula, same values A__ = 0.67,A_ = 0.223)
PP, pp PP,
s A

Genuine pp CF [Cpp(p)]: again, our input is the ERE for fo.(p) (RSC paramaters)
® Results:
« ALICE data = = LL FRP, 1y

N —— Square well = = FRP, d,
» AC,, overestimates the data 2 olP)

+ 80 100 120 140
N
\\/3 = 1.249(8)(24) fm

» Square well near the data 33 ; : PR ‘1‘1‘ ‘ “‘ “‘ “ “‘ “ ‘ “ “‘ ‘ L:
» Our approach, either with the full d,(p) or 3.0 I B
with d,(p) =~ r,, gives a better description of T B
the peak = 1.0 [~ B

» Our approach with full d,(p) reproduces very P B
well the tail S 20|E" B
U2 :i voollo L1l

[ =

0 25 50 75 100 125 150
p (MeV)
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Coulomb interactions: comparison with ALICE pp data
[M. Albaladejo, A. Garcia-Lorenzo, and ). Nieves, PTEP 2025, 093D02 (2025)]

® Analysis of pp CF: [ALICE, Phys. Lett. B 805, 135419 (2020)]
Data contain feed-down contributions: C’'(p) =1 +App(cpp(p) —1) +AppA(CppA(p) —1)

O Cyp (p): protons from the weak A decay
A

e Same formulae for C._ (p) as ALICE (LL formula, same values A__ = 0.67,A_ = 0.223)
PP, pp PP,
s A

Genuine pp CF [Cpp(p)]: again, our input is the ERE for fo.(p) (RSC paramaters)
® Results:
« ALICE data = = LL FRP, 1y

N —— Square well = = FRP, d,
» AC,, overestimates the data 2 olP)

S _R=1.249(8)(24) fm

ALICE or other theoretical works

> Souare well near the data 3.5:‘:”““H‘HH‘HH‘HH‘HH:
» Our approach, either with the full d,(p) or 3.0 I B
with d,(p) =~ r,, gives a better description of T B
the peak = 3 B

» Our approach with full d,(p) reproduces very P Y B
well the tail S 20|E" \ B
e :f K B

® No fit is performed, parameters taken from 1.5 H -

This confirms the validity of the scheme
presented here I RS A R A A I IO
0 25 50 75 100 125 150

p (MeV)

Miguel.Albaladejo@ific.uv.es Femtoscopy and hadron spectroscopy 7/11


https://doi.org/10.1093/ptep/ptaf095
https://doi.org/10.1016/j.physletb.2020.135419
mailto:Miguel.Albaladejo@ific.uv.es

Outline

Applications

« Application to aa



Femtoscopy for nuclear physics: aa scattering input

[A. Garcia-Lorenzo, M. Albaladejo, A. Feijoo, and J. Nieves, in preparation (2026)]

8
a o BQE-S- a o
LED €L % %
% % %  * % *n

Elap (MeV) Epap (MeV)
0 1 5 10 15 20 25 0 1 5 10 15 20 25
180 |- T T T T T 1] T T T T [
L — Corrected ERE 4 DMT | 120 gy
sol | N\ Halo EFT NLO ¢ CALTECH | — PF.a—4.0fm
r —— N2LO Lattice - RICEI b % | --— PFa=4.5fm
120 | . A RICE Il — [ PF, a =5.0fm i
» 3 ILLUNOIST | 5 L N
290 |- $ILLINOIS#k —| & go| ¢ DMT ,
= [ L 1 | ¢ CALTECH [ |
60 |- 4 *° | ILLINOIS | 90 |- §
[ i 30 [ & ILLINOIS Il I N
30[ | | RICE | e |
L ] RICE Il o E |
0= o — 0 80 100 120
Covc o b v b b b1 I T T T Y [
0 40 80 120 160 200 0 40 80 120 160 200
R(MeV) k(MeV)
8 +3. _ _ i ™ 3 ~
® °Be(0"): Ep = 92(6) keV, I, = 5.7(4.0) eV, i.e. a, ~ —1.9 x 10° fm vs. ry >~ 1.1fm
. 1/3 1/3
Scattering | ° 2*: one-level Coulomb R-matrix, a_ = 4.5 fm = rC(A1/ +A) )
input e Theoretical amplitudes (S-wave) fixed before any fit to the CF data:
—— ERE [G. Rasche, Nucl. Phys. A 94, 301 (1967)]
fffff Halo EFT NLO [R. Higa, H.-W. Hammer, and U. van Kolck, Nucl. Phys. A 809, 171 (2008)]
-—- N2LO Lattice [S. Elhatisari, T. A. Lahde, D. Lee, U.-G. MeiBner, and T. Vonk, JHEP 02, 001 (2022)]
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Femtoscopy for nuclear physics: aa CFs
[A. Garcia-Lorenzo, M. Albaladejo, A. Feijoo, and J. Nieves, in preparation (2026)]

Two identical spin-0 bosons = exchange-even projection. Only ¢ = 0,2 kept.

(E) (E)
wRR) =Cc +8m Y (20+1) (|, — ‘“”e|2>R 4 ACrp
=0,2,...

AC(F?p,O ~ —4dy(R) CIfy(R)[*Sg(0)  factor 2 from Bose symmetry

not reconstructed
What is fitted | not the genuine CF: 9Be feed-down /0

raw(k R =N [1 Jr}\(Cextffl) +'BCFRPJFVQBe(k)]

B = B
® A: core-halo dilution mw — _) m\

e B: strength of the FRP term (B = 1 extended S BBE(Z ; “
source, B = 0 no FRP correction) :
* v: °Be feed-down o« NoRMaat( 1) 5k~ 565Mev

® N: normalization
® Folded with the momentum resolution,
it 8
G =Can ® G%' it is what smears the ®Be,

® This mechanism: (€,,,¢,) = (2,1)
Cope = CuX0(1—x2)%20(1—X), x = k/k

max

peak T T T T ‘ T T T T ‘ T T T
® Fitt R, A B, Vv, N, o, - R
® The amplitude is fixed beforehand E.%
o
I [ I
0

5
R (MeV)
Miguel.Albaladejo@ific.uv.es Femtoscopy and hadron spectroscopy 9/1



mailto:Miguel.Albaladejo@ific.uv.es

Femtoscopy for nuclear physics: fits to aa CFs

[A. Garcia-Lorenzo, M. Albaladejo, A. Feijoo, and J. Nieves, in preparation (2026)]

(L e (L e
L -— SBegs ¢ Ghettietal | L -— SBegs ¢ Pochodzallaetal. |
- —— Corrected ERE a —— Corrected ERE
FT07 A S Halo EFT NLO _| oLy s Halo EFT NLO i
_r --- N0 lattice 4 _ F --- N2LO lattice e
< 2 - < 2 -
Ug i gBe*agBe[zﬂn—»aan 2 Ug i QBE*HSBE[Z«#]HHGGVI .
\ D-wave resonance
3 v
1T = = D-wave resonance —
T T T T Y T T T T VI
0 25 50 75 100 125 150 0 25 50 75 100 125 150
k(MeV) , k(MeV)
Data Input R(fm) g, (MeV) B X o
P red
Ghetti COM.ERE  6.47(35) 3.40(10) 0.40(10) 1.9 Halo EFT NLO indistinguishable from the corrected ERE
N2LO latt. 6.42(34) 3.29(9) —0.03(17) 2.14 Data: [R. Ghetti et al,, Phys. Rev. C 70, 027601 (2004)]
Pochodzalla Corr. ERE  5.43(13)  4.09(7) 0.61(3) 1.29 [J. Pochodzalla et al., Phys. Rev. C 35, 1695 (1987)]

N2LO latt. 5.58(11) 4.25(7)  0.33(5) 1.24

® Rstable against th. inputs, Bisnot ® A~ 0.5 absorbs more than core-halo
® Errors rescaled by ~ 3.5 ® Not included: higher waves, other resonances, other feed-downs, ...

Outlook for aa/nuclear

® \We are able to obtain the source (in agreement with exp. expectations)
| ® With better experiments (statistics, resolution, finer bins) we might be
. able to discriminate/improve theoretical models

® Could this help in pinning down other nuclear states?
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Introduction

Theoretical approach

Applications
« pp: comparison with Koonin (theory)
 pp: comparison with ALICE (experiment)
« Application to aa

(4] conclusions



Conclusions

General conclusions
Femtoscopy gives new experimental access to hadron and nuclear interactions

Many measured pairs are charged. Coulomb is not just a correction, but the dominant effect at
low energies, and must be treated together with the strong interaction

Coulomb interactions: analytical methods
[PTEP 2025, 093D02 (2025)]
No need of numerical solution of Sch. eq., possibility to connect with EFTs
Exact elastic unitarity and full Coulomb left-hand discontinuity
Finite-range (off-shell) corrections, controlled by do(p) =1y + 4v2p2 e

Good agreement with Koonin theoretical calculations and with pp ALICE CFs data, with no fit

aa: femtoscopy for nuclear physics Outlook
[A. Garcia-Lorenzo et al, in preparation (2026)] ® Decades-old aa data are already sensitive to the

® First fully theoretical description of the aa CF interaction model and to the finite-range term
® Precise measurements would turn aa CFs into an

—di + + !
* Coulomb dlsgortegd waves, Bose symmetry, 0" and 2™ independent benchmark of nuclear-cluster
channels of °Be, “Be* feed-down, momentum resolution dynamics
® Source radii stable against the three S-wave inputs ® Extension to 3a systems, and to any charged pair

Thank you!
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