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The A,.p momentum correlation functions are investigated using A N interactions derived within the
covariant chiral effective field theory. Our analysis reveals that the interaction is weakly attractive in the
spin-singlet 'S, channel. In contrast, the 3§, channel exhibits a pronounced sensitivity to coupled-channel
effects, i.e., the inclusion of S-D mixing results in a repulsive A.p interaction; its absence leads to a
weakly attractive one. Consequently, the spin-averaged correlation function—dominated by the triplet state
weight—exhibits repulsive behavior when the S-D mixing is present. Furthermore, the source size
dependence of the correlation functions is examined, demonstrating that the resulting variations remain
experimentally resolvable within the precision of current femtoscopic measurements. A systematic
comparison with nonrelativistic chiral effective field theory and phenomenological models yields distinct
discrepancies in the femtoscopic correlation functions. These findings underscore the capacity of
femtoscopy to discriminate between different theoretical descriptions of the A N interaction and provide

useful references for upcoming experimental data.
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I. INTRODUCTION

Since the discovery of hyperons in cosmic rays in the
early 1950s [1], hadrons containing strange quarks have
attracted extensive interest in both experimental and theo-
retical studies. Beyond the up, down, and strange quarks,
heavier flavor quarks such as charm quarks also exist
and can interact with light quarks to form exotic hadrons
[2]. Among them, the Al baryon was the first charmed
baryon confirmed in experiments [3,4], and its quark
structure is closely analogous to that of the A hyperon,
with the strange quark replaced by a charm quark [5]. Charm
hypernuclei have recently emerged as a subject of growing
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interest [6—10]. In analogy with hypernuclei, whose proper-
ties are largely governed by the AN interaction, the stability
of charmed hypernuclei is anticipated to be primarily
controlled by the A.N interaction. FAIR and J-PARC are
expected to produce sufficient charmed particles to generate
more charmed hypernuclei [11,12]. Therefore, a detailed
understanding of the A.N interaction is essential for
elucidating the structure and stability of A, hypernuclei.
Experimentally, observing charmed hypernuclei would
represent a significant milestone and provide valuable
insights into their interactions. Notably, the production
and study of charmed nuclei have been identified as key
physics objectives at major accelerator facilities. At FAIR,
the compressed baryonic matter experiment is well suited
for reconstructing charmed hadron decays, enabling exper-
imental searches for charmed nuclei, with the charmed
deuteron and charmed triton emerging as the most prom-
ising candidates based on the A} — pK~z" decay mode
[2]. Meanwhile, the J-PARC facility, benefiting from its
high-intensity and high-momentum proton beams, has also
been recognized as an ideal facility for studying the
production and spectroscopy of charmed nuclei [13].
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Given the limited experimental data, theoretical studies of
the A.N interaction are essential for understanding the
properties of charmed nuclei and for guiding future experi-
ments. Early theoretical investigations based on meson-
exchange frameworks [14,15] and constituent quark models
16,17]] have indicated that the A_N interaction is strongly
attractive. More recently, the HAL QCD Collaboration has
explored the A.N interaction through lattice QCD simu-
lations performed at unphysical pion masses [18,19]. Later,
Haidenbauer and Krein obtained the A.N potential at the
physical pion mass with chiral effective field theory
(ChEFT) by extrapolating the HAL QCD results at unphys-
ical pion masses [20]. They suggested that the A.N
interactions could be much less attractive than predicted
by the phenomenological potentials mentioned above.

Recently, femtoscopy—a technique that analyzes
momentum correlations between particles emitted in
high-energy collisions—has emerged as a powerful alter-
native for probing the strong interaction. By measuring
momentum correlation functions, femtoscopy has provided
valuable insights into rare hadron-hadron scattering proc-
esses [21,22]. To date, a large variety of hadron-hadron
interactions have been extensively studied by the ALICE
and STAR Collaborations, such as meson-meson [23-27],
meson-baryon [28-35], and (anti)baryon-(anti)baryon
[36-53] interactions in the light quark (u, d, s) sector with
the femtoscopic technique. More recently, femtoscopic
measurements involving charm hadrons have demonstrated
a great potential of this approach for accessing the charm
sector experimentally [54,55]. In particular, femtoscopic
measurements of the p—Al system are currently being
pursued by the ALICE Collaboration [56], which is
welcome news for extracting the A N interaction. These
experimental developments call for reliable theoretical
descriptions of the corresponding correlation functions,
enabling quantitative interpretations of present and forth-
coming data.

In parallel with these experimental efforts, a substantial
body of theoretical work has been devoted to the study of
hadron-hadron interactions [57-68], especially in the
charm sector [69—85]. Among these studies, Ref. [69]
investigated the correlation functions corresponding to the
weakly attractive A N interaction predicted by nonrelativ-
istic ChEFT. In addition, within covariant ChEFT, the YN
and Y'Y systems with strangeness from S =—-1to § = —4
have been studied [64,86-91], and this framework has
subsequently been extended to the Y .N system [92]. The
covariant treatment of baryon spinors preserves all relevant
symmetries and exhibits improved convergence behavior
[93]. The present paper aims to provide quantitative
theoretical predictions for the A.N correlation function,
in anticipation of ongoing measurements by the ALICE
Collaboration [56], based on covariant ChEFT.

The paper is organized as follows. In Sec. II, we outline
the theoretical framework for correlation functions and

introduce the covariant ChEFT approach for the Y .N
system. In Sec. III, we present the fitted results and their
extrapolations and provide predictions for the correspond-
ing A, p correlation functions. Finally, a summary is given
in the last section.

II. THEORETICAL FRAMEWORK

A. Correlation functions

The Koonin-Pratt (KP) formalism provides the frame-
work for computing two-hadron momentum correlation
functions [94-96],

C(p1 p2> — fd4xld4x2S1 (x17p1)52(x2,p2)|‘11(_) (r’k)|2

~ / drS () 2O (1. k)2, (1)

where S;(x;,p;) (i =1, 2) denotes the single-particle
source function of hadron i with momentum p;. In the
center-of-mass frame, ‘I’H(r,k) is the relative wave func-
tion with relative coordinate r and relative momentum
k = (myp; — myp,)/(m; + m,), embedding the effects
of final-state interactions. In the present study, we
adopt the wusual approximation of a static spherical
Gaussian source with radius R, given by Sp,(r) =
exp (—r2/4R%)/(2y/7R)".

As S-wave interactions predominantly drive the corre-
lations, we consider only the S-wave component of the
relative wave function to be affected by final-state inter-
actions [97],

W (r, k) = e 4 yo(r k) — jo(kr), 2)

where y denotes the [ =0 scattering wave function
affected by the strong interaction and j, is the S-wave
component of the noninteracting wave function, repre-
sented by a spherical Bessel function. Then, the correlation
function becomes

CR)=1+ 45 [ drsin) ot OP-Listkn)P ] ()

Y, can be determined either by solving the Schrodinger
equation for a given potential or via the Lippmann-
Schwinger or Kadyshevsky equation [47,69,98]. In covar-
iant ChEFT, the leading-order (LO) four-baryon contact
potentials are momentum dependent (nonlocal) due to
the inclusion of the small component of the Dirac spinor
[87,99]. It is convenient to first obtain the reaction
amplitude 7 by solving the Kadyshevsky equation, and
then derive the corresponding scattering wave function. In
the single-channel case, after partial-wave expansion, this
reads [100]
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ol k) = okr) + 7 [ dag?in(ar)
1
“ V5 - Ei(g) - Exq)

T T(q.k:/s).  (4)

where T(q, k;+/s) denotes the S-wave component of the
half-off-shell T-matrix, (7, k) = exp (=2i8)wy(r, k),
and § is the phase shift. The total energy of the baryon-
baryon system is defined as /s = E|(k) + E,(k), with
E;(k) = \/k* + m?. The normalization of w(r, k) is [97]

- 1 .
wolr k) =5 o el

—2i6 —ikr
- e 10T IRr
2ikr ]

(5)

As the measured correlation functions are spin averaged,
the theoretical ones should also be averaged over the total
spin of the hadron pair, using the appropriate weights
for the spin-singlet and spin-triplet S-wave states, namely,
wol? = 1/4Jyng, >+ 3/4lyrsg, |

For the A p system, considering the strong and Coulomb
interactions, the relative wave function reads [58]

W (r,k) = ¢C(r k) + wiC(r k) — g (kr),  (6)

where ¢C(r, k) and ¢§(kr) denote the full Coulomb wave
function and its S-wave component, and w3C(r, k) is the
scattering wave function incorporating both strong and
Coulomb interactions, obtained as in Eq. (4). In the present
study, the Coulomb interaction is treated in momentum
space via the Vincent-Phatak method [69,101,102]. By
substituting the relative wave function (6) into the KP
formula, the correlation function becomes

Clk)= / 4rS (7)€ (r. k)2

+47[[)00r2dr512(l’)[|ll/gc(r,k)|2_|¢g(kr)|2]_ (7)

B. Y_N interactions in the leading-order
covariant ChEFT

In this section, we briefly outline the Y .N potential. It is
worth noting that we have corrected an inconsistency in
Ref. [92], where the low-energy constants (LECs) for the
ISy and 3S; terms were mixed. At leading order, the Y .N
potentials consist of contributions from nonderivative four-
baryon contact terms (CTs) and one-meson exchanges
(OMEs) [87,92]. For the 'S, and 35, —* D, partial waves
considered here, one obtains

YN Y N Yo pYe SYN (Y. Y.
Vi, =¢rn |:C1SO (1 +R,R)p RZ,ZI/RIIY) + Ciso (Rp/ R} + R, RZIY):| (8)
1 1.
YN YN Yo pYe YN (Y, Y.
VIV — gy [9 cle) (9 +RYR) prV,Rf,,V) +3C3 (Rp, RY + R} Rﬁ‘,’)}, 9)
8
YN _ YN Ve pYe

V3D1 =Sy {5 G351 Rp/ Rp R],Y/ery}’ (10)

| 2V2 vy, . 2V2 oy vy,
Vi = e[Sy R R RRY + PO R R i

2V2 2V2 .

YN YN pYe pYe YN pY,

Vips, = Svov [—9 Cis1 Ry Ry Ry Ry + 3 G R, RQ’,}, (12)
where
(B3 4y ) (254 by ) (B3 ) (3 + ) )
éY.N =4z and RYEA//) = 5N . - (13)
‘ 4'1‘4N1‘4Yl. pip E & +MY,N
p(p)
The OME potentials have the following form:

- (aay, (P")r*vsquuy, (p)) (tn (=P )r"vsq,un(p))

Vowg =N . 7 —m? : Ly Ny (14)
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where Y. =A.X., q=(Ey—E,p —p) represents
the four-momentum transferred, and m is the mass of the
exchanged pseudoscalar meson. N and Zy y_y y are the
coupling constants and isospin factors, respectively, as
listed in Refs. [69,87,103]. The C;5, C150, Cs1, and Cig;
are the LECs in the CT potentials. For the Y .N interactions,
they are constrained by fitting to the Ilattice QCD
simulations from the HAL QCD Collaboration [18]. It
should be noted that the contact potentials lack explicit pion
mass-dependent contributions, which are nonetheless indis-
pensable for describing the pion mass dependence observed
in the lattice QCD simulations. Since m2 ~ O(g?), such
terms formally arise at higher orders in the momentum
expansion. Nevertheless, following Refs. [20,104], we
include explicit m2 corrections in the contact LECs, e.g.,

CIYS"N - CIYS”N + DIYS"Nm,Q,, to achieve a consistent descrip-
0 0 0
tion of the lattice QCD data at all available unphysical
pion masses and to enable a reliable extrapolation to the
physical point. The validity of this chiral extrapolation
approach up to pion masses of about 500 MeV within the
LO covariant ChEFT framework has been demonstrated in
Refs. [88,104].

In addition, to avoid ultraviolet divergence in numerical
evaluations, the Y .N potentials are regularized with an
exponential form factor,

i) =ex |-(2)7- (7] as)

where n = 2 and Ap is the cutoff momentum. We consider
cutoff values from 500 to 600 MeV in the present work.
The resulting uncertainties indicate the cutoff dependence
and thus provide a lower bound on theoretical uncertainties.

III. RESULTS AND DISCUSSION
A. Fitting results of the Y N interactions

In this work, we refitted the Y .N interactions because the
revised potential formulation required corresponding
updates to the LECs. As mentioned above, the LECs of
Y.N interactions are determined by fitting to the lattice
QCD simulations from the HAL QCD Collaboration [18].
We used the A.N S-wave phase shifts for m, = 410 and
570 MeV with the center-of-mass energy E up to 30 MeV.
Following Refs. [20,92], we adopted an effective CT
potential that includes only the A.N — A.N channel,
assuming that the X.N contributions can be absorbed
implicitly. Thus, only four LECs were needed in this work:
Cis0» Cis0» Css1» and Cygp. As demonstrated in Ref. [92],
the covariant ChEFT predictions for the spin-triplet channel
exhibit a pronounced sensitivity to the treatment of
coupled-channel effects. Motivated by this observation,
we considered two fitting strategies for the CT term: one

TABLE 1. Low-energy constants (in units of 10* GeV~2)
obtained for two cutoffs of Ap =500 and 600 MeV in the
covariant ChEFT, using fitting schemes with and without S-D
mixing. These LECs are determined by fitting the lattice QCD
simulations from the HAL QCD Collaboration [18].

Cw/SfD

> ~w/S-D
Ciso  Cig il

= M Ciso 351
410 500 —0.0150 1.4069 0.2306 16.8820
600 —0.0124 1.6158 0.0020 -2.7921
570 500 —0.0079 0.5596 —0.0042 2.3141
600 —0.0074 0.6204 0.1605 10.2650

S-D > S-D
m C el

351
—0.0162 4.0940
—0.0141 4.5090
—0.0093 1.7227
—0.0088 1.8317

that explicitly includes the S-D mixing and another that
does not. The fitted LECs are shown in Table I.

The fitted S-wave A.N phase shifts are shown in Fig. 1.
The covariant ChEFT results agree well with the lattice
QCD data. For the 'S, partial wave, the extrapolated A N
interaction at the physical pion mass is moderately attrac-
tive. In the case of the *S; channel, displayed in the middle
panel of Fig. 1, the covariant ChEFT phase shifts are in fair
agreement with the lattice QCD data for energies up to
50 MeV. The discrepancy then becomes larger as the
energy increases. The interaction becomes increasingly
repulsive as the energy increases when extrapolated to
the physical pion mass. To clarify the origin of this
behavior, we set Vigp and Vi in the CT potential to
zero and redid the fits. The resulting phase shifts are shown
in the bottom panel of Fig. 1. When extrapolated to the
physical point, an attractive interaction is obtained, which
is similar not only to the 'S, interaction, but also to the 3S,
interaction of the nonrelativistic ChEFT. As a result, we
conclude that the predicted 3S; interaction depends strongly
on how the coupled-channel S-D mixing is treated. The
results are consistent with those of Ref. [92]; a more
detailed analysis can be found therein.

In Fig. 2, we show the A, p correlation functions for the
IS, and 3S, partial waves, selectively for the source radius
R = 1.2 fm. In the case of strong interactions only, the 'S,
and 3§, without S-D mixing exhibit attractive behavior,
whereas the 35, with S-D mixing shows repulsion. These
trends are consistent with the corresponding phase shift
results shown in Fig. 1. Once the Coulomb interaction is
taken into account, the repulsive Coulomb force in the A p
system leads to a pronounced suppression of the correlation
function at small relative momenta. The behavior is well
established and discussed in Ref. [40]. Notably, the A.p
attraction is substantially weaker than that of the pp
system. As a consequence, the Coulomb repulsion domi-
nates at higher momenta, leading to enhanced depletion of
the correlation function and a shift of its maximum to
higher momenta. This competition results in a substantial
suppression of the strong interaction contribution.

Next, to better match the experimental situation, we
consider the spin-averaged A.p correlation functions.
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FIG. 1. A_N S-wave phase shifts of the lattice QCD simulations
in comparison with the ChEFT fits. Magenta and dark blue dots
correspond to the lattice QCD data [18] at m, =410 and
570 MeV, respectively. Magenta and dark blue bands show the
ChEFT fits with Ay ranging from 500 to 600 MeV. Yellow and
light blue bands denote ChEFT predictions at m, = 138 MeV.
The AN interaction is obtained by fitting to the lattice QCD data
only up to E = 30 MeV.

In Fig. 3, we present the results predicted by the covariant
ChEFT. The yellow band corresponds to the result obtained
without S-D mixing, while the blue band represents the
result obtained with S-D mixing. For comparison, the
dotted line indicates the result obtained with the pure
Coulomb interaction. The spin-averaged A.p correlation
functions exhibit clearly different behaviors depending on
the presence or absence of S-D mixing. The result without
S-D mixing becomes more attractive compared with the
pure Coulomb correlation, whereas the result with S-D
mixing turns more repulsive. Although the 'S, channel
becomes more attractive than the 3S; channel once S-D
mixing is included (see Fig. 2), the resulting spin-averaged
interaction remains repulsive, since the 3S1 contribution

3.0 -

(a) 1
2.4t Sy
1.8f R=1.2fm |
1.2¢
0.6} Strong only

Strong + Coulomb

0.0

20 40 60 80 100 120 140

C(k)

)| S ——
0 Strong only

ol Strong + Coulomb |
0.0

20 40 60 80 100 120 140
k(MeV/c)

FIG. 2. Effect of the Coulomb interaction on the A,p corre-
lation function in the 'S, and 3S, partial waves. (a) The yellow
(yellow shaded) band shows the results without (with) the
Coulomb interaction. (b) Similar to (a), the 35, results with
S-D mixing are shown. (c) Similar to (a), the 35, results without
S-D mixing are shown.

enters with a statistical weight 3 times larger than that of the
1S, channel.

Figure 4 displays the momentum dependence of the spin-
averaged A,p correlation functions for different source
radii: R =1.2, 2.5, and 5.0 fm. As the source radius
increases, the correlation functions predicted by covariant
ChEFT with S-D mixing approach the pure Coulomb result
(represented by the dotted lines). For the smallest radius,
R = 1.2 fm, the correlation function exhibits a noticeable
deviation from the pure Coulomb baseline, indicating that
the strong interaction—specifically the repulsive nature of
the triplet channel—remains influential at short distances.
However, as R increases to 5.0 fm, the strong interaction
contribution is significantly diluted. Furthermore, the figure
shows a clear reduction in cutoff sensitivity (as indicated by
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2.0 . :
Rel. w/o S-D
1.6L Strong+Coulomb 7/ Rel. w/ S-D |
------ Coulomb
_ 12}
=)
©
0.8+
0.4+
0.0 : : : : : : :
20 40 60 80 100 120 140
k(MeV/c)
FIG. 3. Spin-averaged A.p correlation functions for R =

1.2 fm with the Coulomb interaction. The covariant ChEFT with
S-D mixing (blue) and without S-D mixing (yellow) are shown.
The dotted curve denotes the result obtained with the pure
Coulomb interaction.

e

0.8

0.6

P Rel. w/ S-D

~~~~~ Coulomb
0.4

0.2

O'OO 20 40 60 80 100 120 140

1.0
0.8
0.6
0.4
0.2

0'00 20 40 60 80 100 120 140

1.0

C(k)

0.8
0.6
0.4
0.2

0'00 20 40 60 80 100 120 140

k(MeV/c)

FIG. 4. The spin-averaged A, p correlation functions that include
the Coulomb interaction are presented for three different source
radii R. Predictions from the covariant ChEFT with S-D mixing are
presented. For reference, the results obtained with the pure
Coulomb correlation are displayed as a dotted line.

the width of the blue bands) as the source radius increases.
For R = 1.2 fm, the theoretical uncertainty originating
from the LECs and the regulator is more pronounced,
reflecting the sensitivity of small-source femtoscopy to the
short-range details of the covariant ChEFT potential. In
contrast, for R = 5.0 fm, the band narrows substantially,
demonstrating that the long-distance behavior of the
correlation function is robust and less dependent on the
specific choice of the high-momentum regulator. These
results confirm that, while large-source radii provide a
clean environment to study Coulomb effects, small-source
measurements are indispensable for extracting the dynami-
cal details of the A.N strong interaction.

In Fig. 5, the spin-averaged A.p correlation functions
including the Coulomb interaction predicted by covariant
ChEFT are compared with the corresponding results from
nonrelativistic ChEFT [20] and the phenomenological
CTNN-d potential [16]. The latter two results are taken
from Ref. [69]. For a source radius of R = 1.2 fm, the
different potentials yield markedly different predictions
for the correlation function. In general, a more attractive
interaction leads to an enhanced correlation function. The
covariant ChEFT interaction, including S-D mixing, yields
a smooth, moderate momentum dependence of the corre-
lation function. After spin averaging, the resulting corre-
lation function suggests a weak repulsion. The cutoff
dependence is reflected in the width of the blue band,
whereas the overall behavior remains robust. The non-
relativistic ChEFT interaction produces a more pronounced
enhancement at low and intermediate momenta compared
to the covariant ChEFT. The correlation function exceeds
unity in the region of k ~30-100 MeV/c, suggesting a
shallow attractive component in this framework. The
discrepancies between the covariant and nonrelativistic

3.5 . . . .
P Rel. w/ S-D— LO
3.0f NonRel. —NLO T
CTNN-d(sim)
2.5 0 Coulomb

20 40 60 8 100 120 140
k(MeV/c)

FIG. 5. Spin-averaged A.p correlation functions including the
Coulomb interaction for R = 1.2 fm. Results obtained from
covariant ChEFT (blue band), nonrelativistic ChEFT at next-to-
leading order (NLO) (green band) [69], the simulation of the
CTNN-d model (dashed line) [69], and the pure Coulomb
interaction (dotted line) are shown.
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ChEFT frameworks originate from the structural
differences in the contact potentials. In the covariant
ChEFT framework, the preservation of the small compo-
nents of the Dirac spinors leads to a self-consistent incor-
poration of the baryon masses, a correlation of the LECs
responsible for the 35,—D, coupling with those of the 3S,
potential, and a natural generation of D-wave contributions
from the contact potentials that account for the tensor force
effects. In the nonrelativistic framework [20], the contact
potentials for the 'S, and 3S,-’D, partial waves read

V,};fON = 6150 + Dlsomzzz + (C‘So + Dlsom’zf) <P2 * P/2>,

Vi = Cu, + Dsgm? + (Czs] + Ds, mg) <p2 tp a)’
YN _

Vigs, = Ce, P,

stgl = C, p% (16)
from which it is evident that the contact potentials that are
independent of the baryon masses My and My are free of
3D, contributions. Moreover, the S-D mixing is governed by
an independent LEC C,,. In contrast, the CTNN-d inter-
action is characterized by a much stronger attraction and
supports bound states in both S-wave channels with binding
energies on the order of the deuteron binding energy.
Consequently, the predicted correlation function shows a
pronounced low-momentum enhancement, featuring a sharp
peak around k ~ 10-30 MeV/c. This qualitative behavior is
markedly different from that obtained within covariant and
nonrelativistic ChEFT.

IV. CONCLUSION

In this work, we have performed a systematic study of
the A.p momentum correlation functions within the
framework of covariant chiral effective field theory at
leading order. Our analysis reveals that the A, N interaction
is moderately attractive in the spin-singlet 'S, channel. The
38, channel is highly sensitive to the treatment of S-D
mixing. While the inclusion of S-D mixing results in a
repulsive A.p interaction, its absence leads to a weakly

attractive interaction. Consequently, the spin-averaged
correlation function—dominated by the triplet state
weight—exhibits a repulsive behavior when S-D mixing
is present. The correlation functions exhibit distinct behav-
iors across different source radii (R = 1.2, 2.5, 5.0 fm).
While the strong interaction signal is most pronounced for
small R, the correlation functions approach the pure
Coulomb limit as R increases. This confirms that small-
source femtoscopy at LHC/RHIC is a viable tool for
extracting A.N dynamics. A comparative study with non-
relativistic ChEFT and the phenomenological CTNN-d
potential (parameter sets corresponding to the NN exper-
imental data) reveals significant discrepancies. Unlike
bound-state models that predict sharp low-momentum
peaks, the covariant ChEFT suggests a more moderate,
repulsive interaction. Such differences demonstrate that
experimental femtoscopic data can effectively discriminate
between different theoretical descriptions of the charmed
baryon-nucleon force.

In summary, we have provided theoretical predictions for
the A.p interaction. The identified sensitivity to coupled-
channel effects and covariant corrections offers a new
perspective on the charmed hadron interactions, serving
as a useful guide for upcoming femtoscopy programs.
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