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This work focuses on extracting nuclear contact coefficients for A =2, A = 3 and A = 4 nuclei
within the Generalized Contact Formalism framework. We investigate the universality of these
coefficients across different nuclear systems and interaction models, using both local (in r-space)
and non-local (in k-space) chiral potentials. The Hyperspherical Harmonics method is employed to
calculate the nuclear wave functions from which we obtain the two-body momentum distributions
and the two-body density functions, which are essential for extracting the contact coefficients. The
adopted method is a rigorous ab-initio approach that can be applied to virtually any potential.
We present ratios of contact coefficients across various spin and isospin channels, highlighting
their independence from the used nuclear potential. This study extends previous work where only
local interaction models were employed. Furthermore, we verify whether the contact coefficient
ratio between different nuclei remains consistent even when non-local potentials are considered.

Future work will extend this analysis to heavier nuclei, such as A =4 and A = 6 nuclei.
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1. Introduction

The study of short-range correlations (SRCs) in nuclei is crucial for understanding nuclear
behavior at high momenta and short distances, where traditional mean-field approaches, like the
nuclear shell model, fail to capture the complex dynamics of nucleon-nucleon correlations. These
correlations arise from nucleon pairs with high relative momentum and low center-of-mass momen-
tum [1, 2]. Furthermore, SRCs play a crucial role in defining the high-momentum tails of nuclear
momentum distributions [3], affecting a wide range of phenomena, from the internal structure of
nucleons bound in nuclei [4, 5] to the macroscopic properties of neutron stars [6, 7].

In the generalized contact formalism (GCF), the nuclear wave function at high momenta fac-
torizes into a strongly interacting two-body pair and a weakly interacting residual nucleus [2]. This
formalism connects two-body momentum distributions (2BMDs) and density functions (2BDFs)
to the correlated nucleon pair, reducing the contribution of the residual system to the nuclear
contact coefficient. These coefficients quantify the probability of finding nucleon pairs in specific
spin-isospin states and serve as a measure of SRCs across different nuclei.

Previous studies suggest that ratios of contact coefficients between different nuclei are largely
independent of the employed nuclear interaction [2].

While these investigations have primarily focused on local potentials [2], the inclusion of non-
local chiral interactions, defined in k-space, is essential for a more comprehensive understanding
of SRCs.

Therefore in this work, we extract nuclear contact coefficients for A = 2 and A = 3 nuclei
within the GCF framework, employing a broad range of chiral interactions, both local (in r-space)
and non-local (in k-space). Additionally, we use the Hyperspherical Harmonics (HH) method, a
rigorous ab-initio approach capable of computing nuclear wave functions and consequently 2BMD
and 2BDF with virtually any potential [8, 9]. By analyzing ratios of contact coefficients across
various spin and isospin channels, we aim to evaluate the universality of SRCs in nuclei.

2. Theoretical Formalism

2.1 Two-body Momentum Distributions and Density Functions

The probability of finding two nucleons, N; and N,, with relative momentum k in a given
nucleus is proportional to the 2BMD [10], expressed as

vy (K) = / dk / dK y (k, K) Py, 0 (k. K), ()

where ¢ (k, K) represents the nuclear wave function obtained using the HH method [8, 9], Py, n,
is the projector onto the nucleon pair N{N, = pn, pp,nn, K is the relative momentum while K is
the pair center of mass momentum. The dependence and the integration over the coordinates of
particles 3-A is understood.

It is also possible to define the probability of finding two nucleons with relative momentum k
and spin-isospin state ST using the spin-isospin projector P57 as

ST (k) = / dk / dK ¢" (k, K)PSTy (k,K). )
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Similarly, the 2BMD for two nucleons N N, with relative momentum k in a given spin state S can
be defined as

ny, N (k) = / dk / dK ¢' (&, K) Py, p, ¢ (K, K). 3)

Working in coordinate space, analogous definitions can be formulated for the 2BDFs. For instance,
the 2BDF for two nucleons N; N, with relative distance r in a given spin state Sis defined as

P = [ di [ aru @ RP R, @

where P%l N, is the same projection operator of Eq. (3), r is the relative position and R is the pair
center of mass position.

2.2 Interaction Models

The A = 3 wave functions ¥ (k, K) or ¥ (r, R) have been calculated using the HH method. Due
to lack of space, we refer to the reviews of Refs. [8, 9]. Here we only remark that the HH method
can be used with essentially any type of two-nucleon (NN) potential, both local and non-local.
At present, though, the method can be used with only local three-nucleon (3N) interactions. The
variety of interaction models adopted in this study is presented below.

The first interaction model used is the AV18 NN interaction [11] complemented by the Urbana
IX 3N force [12] (AV18/UIX). So that our results can be validated against the ones in Ref. [2].
Additionally, we have employed various chiral potentials.

In particular, we have used the local Norfolk chiral potentials, including NN and 3N forces,
labeled NV2+3/Ia*, NV2+3/11a*, NV2+3/Ib*, NV2+3/IIb* as derived in Refs. [13, 14].

Furthermore, we have considered the non-local chiral NN interactions of Ref. [16], derived
at the chiral order N2LO, N3LO, and N4LO, with different cutoffs (A = 450, 500, 550 MeV). To
these NN interaction models, we have added the local 3N interaction at N2LLO with the cp — cg low
energy constants derived in Ref [15]. All the adopted models are able to reproduce the A = 2, 3,4
binding energies, as shown in Refs. [8, 9], applying the HH method. However, at present, we are
unable to verify whether the order mismatch between the NN and 3N interaction for non-local cases,
as well as the differences in the cutoff, which lead to non-local NN and local 3N interactions, might
affect our results.

2.2.1 Nucleus-dependent nuclear contact coefficients

In the 2BMDs (2BDFs), SRCs are dominant at large k& (small ). These regions are expected
to be well described by the GCF [1]. Within the GCF framework, the 2BDFs (or 2BMDs) are
expressed in terms of the so-called universal function (or its Fourier Transform, FT) and the nuclear
contact coeflicients, acceding to the expression

k—oco ~ ~

anlNZ, A(k) C%]Nz, A I‘p}g\’]Nz(k)lz’ (5)
r—0

pilNZ, a(r) CIEHNZ, A |‘p}g\f| Nz(r)lz- (6)

Here, the universal function 90?\/1 N (r) (orits FT @ N Nz(k)) represents the correlated nucleon pair
and depends solely on the interaction and the spin channel, while the nuclear contact coefficients
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s
CNN AandCNN A

interaction. More spemﬁcally, in the § = 0 channels, the universal function corresponds to the

account for the rest of the system, depending on both the nucleus and the

zero-energy two-body scattering states with L = § = J = 0. For § = 1, it corresponds to the
deuteron ground state (L = 0,2, S =1, J = 1). Note that we have added the subscript A, to indicate
that Egs. (5) and (6) can be applied to various nuclei.

2.2.2 Extraction of the nuclear contact coeflicient

In this work, we focus on the contact coefficients CS ?pp A C;'fpl 4 and CS=0 for A =2,3.
Furthermore, we assume the Coulomb interaction to be negligible, so that Cfl =0 = C If po A

Initially, the contact coeflicients have been extracted for each nucleus A followmg the procedure
of Ref. [2], i.e. assuming the relative angular momentum ¢ to be zero, so that S = 0 corresponds
to the ST = 0,1 state, and S = 1 corresponds to the ST = 1,0 state. Consequently, the contact
coeflicients are defined as

CS20 (k) = Tim i (K) 1 16575,,, ()} @
Coat (k) = Jim {nST710k) /165, (0P}, ®)
Con (k) = lim {[npn (k) = €M 18 ()] /185" (k) 1P} ©)

when using the 2BMDs, and

CS20 1 (1) = i {0 pjan (1) 1 16550 ()P} (10)
Cpn' (r) = lim {pp21(r) [ 1@pn' (NI} (1)
cs: °<r>—hm{[p,m(r> CSM oS (D] /1650 (P (12)

for the 2BDFs. A more general definition, which goes beyond the assumption ¢ = 0, is obtained
calculating the 2BMDs and 2BDFs of two nucleons N; N; in a given spin state S. Therefore we

can write
Co20 (k) = Tim {nS20 (k) 1657, ()P}, (13)
Con' (k) = lim {m2(k) /185, (K} (14)
Col (k) = lim {n2 (k) /185, (k)} (15)
and similarly
CS20 () = Tim {0520 (1) 16570, (P} (16)
Con' (r) = 1im {pp21(r) [ 1@pn' (M2} (17)
Con'(r) = 1im {p20(r) /19" (1)} (18)

The contact coefficients are extracted from the ratio n(k)/|@(k)|? for large values of k, and
p(r)/|e(r)|? for small values of r, and we expected in these regions to have a plateau in the ratios

n(k)/1@(k)[* and p(r)/le(r)|*.
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2.3 Ratios of nuclear contact coefficients

According to the GCF [2], the contact coefficients C 15/1 Ny. A and C 15/1 Ny, A

i.e. the contact coefficients should be independent on whether we work in k— or in r—space.

should be the same,

Furthermore, the ratios of contact coefficients with respect to a reference nucleus Ag should be
model-independent [2]. Here we study the ratios

S S
CNI Ny, A/CNlNZ, Ao’
~S ~S
CNlNz, A/CNlNz, Ao’

for S = 1, where A is chosen to be the deuteron (d). Note that the S = 0 case, for which Ay is the
“He nucleus, is still under investigation.

As shown by Cruz-Torres et al. in Ref. [2], the ratios for a given nucleus remain consistent
within uncertainties across different potentials.

Since the ratio is independent of the interaction, "soft" potentials can be used for heavy
]Svl No. Ag is calculated with a "hard" potential, and the contact coefficient for

. e . . " " . : S S 1 S
heavier nuclei is inferred by multiplying the "soft" potential ratio C NiN. A /C NiNo. Ao with C NiNa. Ag

nuclei. Specifically, C

calculated using a “hard’ potential.

The results in Ref. [2] suggest that the ratios are independent of the specific interaction used
but depend on the considered nucleus. The ratios of r—space or k—space coeflicients are also
consistent. These results were obtained by using only local potentials. Our results shown in the
next section confirm, at least for the cases studied here, that this behavior holds for any potential,
both local and non-local.

3. Results

As a first step, in Figs. 1-4 we present the ratios of the 2BMDs to the FT of the universal
function in k-space, as defined in Eqs. (7)— (9) or, without the assumption ¢ = 0, in Egs. (13)— (15),
as well as the ratios of the 2BDFs to the universal function in r-space, as defined in Egs. (10)— (12)
or in Egs. (16)— (18) without the £ = 0 assumption. The considered channels are nn with § = 0,
np with § = 0, and np with S = 1. These ratios have been calculated for all local and non-local
potentials listed in Sec. 2.2, but in the figures we give representative examples, i.e. the AV18/UIX
and NV2+3/Ia* for local potentials, and the N3LO500 and N4LOS500 for non-local potentials.

As expected, in Figs. 1-4, plateaus are observed for large values of k£ and small values of r,
corresponding to regions dominated by SRCs. Specifically, in k-space, the plateau region for local
potentials occurs at very high k (beyond 3.5-4 fm~!). For non-local potentials, the plateau region
is found for slightly smaller values of k. The divergences at high momenta are cutoff effects, and
the corresponding range of k cannot be considered. In r-space, the plateau region for both local
and non-local potentials appears consistently at r — 0.

Inspecting Figs. 1-4, we can also observe that the differences between the calculations with the
¢ = 0 approximation (black curves) and without it (red curves) are evident. However, in the plateau
region, these differences are small, confirming that s-waves give the dominant contribution to SRCs,
as expected. However, noticeable variations are still observed, particularly in k-space, where the
plateaus without the £ = 0 approximation appear for a wider range of values of k, underscoring
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Figure 1: Ratios of the 2BMDs and the FT of the universal function, as defined in Egs. (7)— (9) (with the
¢ = 0 assumption) and (13)— (15) (without the £ = 0 assumption), for the local potentials AV18/UIX and
NV2+3/Ia*. The black curve represents calculations with £ = 0, while the red curve shows results without
this assumption.

the importance of going beyond this assumption. Moreover, by comparing the contact coefficients
extracted in the plateau region, which are not reported in this work due to space limitations, it can
be easily observed that the dominant channel is the np S = 1 channel, with the SRCs predominantly
located in the so-called deuteron channel.

In Fig. 5, we show the ratios of contact coefficients for the dominant np S = 1 channel
(c ;f;l a3/C 5;1 4)» Including calculations with and without the £ = 0 approximation for all previously
described potentials (see Sec. 2.2). The consistency of the results across different calculations and
approximations emphasizes their independence from the choice of using 2BMDs or 2BDFs. The
results exhibit minimal sensitivity to the specific potential employed, whether local or non-local,
further supporting the hypothesis of model-independence of the ratios across different interaction
models. Additionally, our results are in good agreement with those of Ref. [2].

4. Conclusions and outlook

In this work, we have applied the GCF and extracted the nuclear contact coefficients from the
2BMDs and 2BDFs, using a variety of interaction models, both local and non-local. We have focused
on the A = 2,3 nuclei. The results highlight the robustness of the GCF, demonstrating that the

ratios C;f;l s/ CYSL;I 4 are largely independent of the specific nuclear interaction employed [1, 2].
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Figure 2: Same as Fig. 1, but for the non-local potentials N3LO500 and N4LOS500.

This universality suggests that the nuclear contact coefficients are predominantly determined by
short-range correlations between nucleons, rather than by the details of the interaction models.

Several developments are planned. In the short term, we aim to extend our analysis to “*He [8, 9],
in order to compute the ratios of contact coeflicients for the S = 0 channels. Furthermore, we plan
to establish a robust procedure that will allow us to estimate the errors associated with the extraction
of these coefficients. This will allow us to access the model-independence as well as the r- or
k-space equivalence of our results.

In the long term, we aim to extend our study to the A = 6 nuclei using the HH method [17].
This will provide a deeper understanding of the behavior of short-range correlations in heavier
nuclei, and further extend the applicability of the GCF to more complex nuclear systems.
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