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We propose a new method to study the evolution of the neutron periphery between different isotopes by
considering antiproton-nucleus interactions close to the production threshold of AA and X~ A pairs. At low
energies, A A pairs are produced in p + p collisions, while ¥~ A pairs can only be produced in p + n interactions.
Within a simple geometrical picture we show that the double ratio for the production of X~A and AA pairs
for two different isotopes are related to the variation of the neutron skin thickness between the two nuclei.
Performing high statistics calculations with the Gieflen Boltzmann-Uehling-Uhlenbeck (GiBUU) transport
model for several isotope pairs covering a wide range of elements, we verify a strong correlation between the
double ratio from the full transport simulations and the schematic model. This correlation enables us to quantify

the potential of the proposed method for precise studies of neutron skin variations in isotope chains.

DOI: 10.1103/5by7-yj9g

I. INTRODUCTION

To describe neutron-rich matter which eventually appears
in dense stellar objects, knowledge on the isospin part of
the equation of state (EoS) is indispensable. Luckily, the
isospin dependence of the EoS correlates strongly with the
distribution of neutrons in nuclei; see [1-3] and references
therein. Thus the thickness of neutron skins in nuclei im-
pacts our knowledge of the structure of neutron stars [4—11].
Furthermore, the evolution of the neutron skin and proton dis-
tributions along isotope chains provide important information
for our understanding of the nuclear structure over the whole
nuclear chart [12-18].

The neutron skin thickness, AR, is usually defined as the
difference between the root-mean-squared (rms) point radii
of the neutron and proton density distributions. However, this
definition is not unique because of possibly significant density
variations both in the nuclear periphery and in the center [19]
(see the discussion in Sec. V). Since quantal shell effects
also influence the nucleon distributions, studies often focus
on neutron-rich doubly magic nuclei, such as *°Ca, *Ca, and

Pb.
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Experimentally, charge distributions, which mainly reflect
the proton distribution, can be explored rather precisely by
electromagnetic probes such as electrons or muons. On the
other hand, accurate information on neutron radii and neu-
tron skins is scarce. Experimental techniques to determine
the neutron distributions of nuclei using strongly interacting
probes include proton elastic [20-24] and inelastic [25,26]
reactions, measurement of interaction cross sections of heavy
nuclei [12,17,20,27-29], and antiproton interactions [30]. The
electric dipole response can be studied by « particle scattering
exciting the giant dipole resonance [31,32], the excitation of
the pigmy dipole resonance [33] and spin-dipole resonance
[32,34], the electric dipole polarizability [35,36], pion scatter-
ing [15], coherent pion photoproduction [37], and antiprotonic
x-rays [16,38]. The parity-violating electron scattering asym-
metry provides a measure of the weak charge distribution
and hence of neutron distribution in appropriate nuclei [39].
Finally, since neutron star properties and the neutron skins of
nuclei are highly related [3], also astrophysical observations
of neutron stars provide in an indirect way constraints on the
neutron skin of, e.g., 208py, [40—42]. Despite these many ex-
perimental opportunities, the neutron distributions still carry
considerable systematic uncertainties; see, for instance the
discussions in Refs. [8,32,43].

Calcium isotopes are of particular value, since for such
medium heavy nuclei already accurate ab initio calculations
are possible [44-46], although in many cases a quantitative
reproduction of nuclear radii is still an open issue [47,48].
Calculations using a wide variety of EoSs show a remark-
able correlation between the slope parameter of the symmetry
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FIG. 1. Experimental values for the neutron skin thickness of the doubly magic nuclei “*Ca (left panel) and *°*Pb (lower right panel).
Detailed information on the displayed data are listed in Tables III and IV. The upper right panel shows the relation between the neutron skin
thickness of **Ca or 2*Pb predicted by various models with different EoSs [20,39,49]. Note that the combined PREX measurement of 208pp
[50,51] and the CREX result for **Ca [52] are in tension with these model predictions. References are listed in the Appendix.

energy and the neutron skin thickness of **Ca or 2®Pb. As
consequence there exists a rather model independent correla-
tion between the neutron skin thickness of these two nuclei
[20,39,49] (see also in the upper right panel of Fig. 1). Data
available for the two doubly magic nuclei **Ca and 2*®Pb are
exemplified in the left and lower panels in Fig. 1, respectively.
Many of these analyses have sizable systematic uncertainties
since the analyses are model dependent (for a recent analysis
see, e.g., [53,54]). In this figure, statistical and systematic
uncertainties (if available) were added in quadrature. Detailed
information on the displayed data is provided in Tables III and
IV in the Appendix.

A rather clean measure of the neutron distribution with
small systematic uncertainties is expected from the elec-
troweak asymmetry in elastic electron-nucleus scattering [39].
However, the PREX measurement of 2%Pb [50,51] and the
CREX result for **Ca [52] are in tension with the expected
correlation between the neutron skins of *®Ca and 2%8Pb
shown in the upper right panel of Fig. 1. Indeed, for example,
a recent nonlocal dispersive optical model analysis suggests
a neutron skin for 2%Pb of 0.18J_r8:82 fm [54], which is sig-
nificantly lower than the PREX value, and for *3Ca a skin
of 0.2270:92 fm, which in turn is significantly larger than the
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FIG. 2. Illustration of the production of AA and ¥~ A pairs in
antiproton-nucleus interactions. We consider two isotopes (I) and (II)
which differ by an additional outer neutron layer with thickness A,,
shown in pink. The production yields for the two different hyperon-
antihyperon pairs provide a measurement of the effective thickness
of this additional neutron layer.

CREX result. This situation clearly calls for further detailed
theoretical [55] as well as improved experimental studies.

Throughout this work we present a novel method to ex-
plore the variation of the neutron skin between two different
isotopes of a given element with high precision and accuracy.
For that purpose we consider antiproton-nucleus interactions
close to the thresholds of AA and £~ A pair production.
At low energies, AA pairs are produced in p + p collisions,
while © A pairs can only be produced in p + n interactions.
Unlike other probes, antiprotons are strongly absorbed in the
nuclear periphery and, therefore, are particularly sensitive to
small variations of the nuclear skin.

Measuring the probabilities p,+ and py_x for the two
processes for a reference isotope (I) and a second isotope (II)
allows one to determine the double ratio

pE A/p
pz A/pAA

Such a double ratio does not require the absolute deter-
mination of cross sections, and also the different energy
dependence for the AA and ¥~ A channels is eliminated.
Furthermore, measuring both production probabilities for a
given isotope simultaneously, many experimental uncertain-
ties cancel or can be significantly reduced.

Within a simple geometrical picture for central collisions,
we first show in Sec. II that this ratio is strongly related
to the difference of the neutron skin thicknesses of the two
considered isotopes (I) and (II) depicted in Fig. 2.

In Sec. III we present a schematic scenario to describe
the full impact parameter range. In Sec. IV, we compare
these calculations with predictions of the GieSen Boltzmann-
Uehling-Uhlenbeck (GiBUU) transport model [56] for various
isotope pairs. Using the neutron distributions which describe
the initial state in these GiBUU simulations, we find a re-
markable correlation between the double ratio predicted by
the simple picture of Sec. III and the double ratio predicted
by the complete GiBUU simulations. As a consequence, the

ey

simple scenario presented in Sec. III enables us to explore in
Sec. V the sensitivity of the double ratio to variations of the
neutron distributions. As a possible application at the PANDA
experiment, we perform a systematic study for the case of
40Ca and #Ca.

II. MOTIVATION OF THE METHOD:
A SIMPLE SCENARIO

Because of the strong absorption of antiprotons in nuclei,
the production of hyperon-antihyperon pairs happens in the
nuclear periphery. For simplicity we consider a nearly central
antiproton-nucleus colhs1on (see left part of Fig. 2). Close to
threshold, the probability p' A7 to produce a AA pair within
the reference nucleus (I) can be written as

| p(p)  oxx
Pax = Kaa p(p) + p(n) oror @
Here oy, denotes the total p 4 A cross section and o, is the
elementary p 4+ p — AA cross section. p(p) and p(n) denote
the densities in the periphery of the target nucleus of protons
and neutrons, respectively.

The factor «, describes the loss of AA pairs due to
absorptive rescattering. Similarly, the production probability
of ™A pairs can be approximated by

I _ - p(n)
Ps-x =

= Ny 3)
p(p) + p(n) o

Because of the large annihilation cross section of antibaryons

in nuclei, both k , i and k57 are dominated by the A absorp-

tion. Therefore, we assume k7 ~ k5, 71 = K.

We now turn to an isotope (II) with a larger neutron number
and hence a more extended neutron distribution. For simplic-
ity, we assume that the proton distribution remains identical
to the one of nucleus (I) and that the neutron distribution is
only extended by an additional skin A, at the surface; see
the pink area in the right part of Fig. 2. Such a situation,
approximately, is found in isotope chains of heavy nuclei. In
such a scenario, the production of AA pairs is reduced by the
absorption probability p,,s of the incident antiprotons within
this additional neutron skin A,:

p(p) OAN
p(p) + p(n) ot ’

The absorption probability p,us can be expressed in terms of
the total p + n reaction cross section o3, [57] and the inte-
grated skin density f A, Pn dr, of the additional neutron skin of
nucleus (IT) with respect to the reference nucleus (I):

1 — paps ~ exp { - Uﬁn/ pndrn}- %)
Aﬂ

Phx = (1= pass)icn )

Like the incoming antiprotons, the produced A are also ab-
sorbed in the additional neutron layer. We use the factorization
ansatz ky = kik,. With this simplification, we can express
Eq. (4) as

Pljix = (1 — Pabs)plj\x- (6)

The production of ¥~ A pairs gains an additional component
from the additional neutron skin. On the other hand, the
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contribution from the inner part of the nucleus (II) is reduced
by the loss of antiprotons in the additional neutron layer:

Os &

11
Ps-x = K1 Pabs
tot

pn) Os-X
o(p) + p(n) O .

+ (1 = pavs )k @)

Here, we assume that the loss of outgoing ¥~ and/or A for
pairs produced in the additional neutron skin is the same as

for pairs produced within the core nucleus. We thus obtain for
the double ratio

pE A/p _ pabs% + (1 — Ppabs) ®)
pZ A/pAA 1 — Dabs

With the simplifying assumption p(p) = %p(n), where Z
denotes the element number and N the neutron number of the
reference isotope I, we finally find for the double ratio the
expression

DR = Lt PansZ/N )

1 - Pabs

Since the variation of the neutron skin thickness is rather
small, the additional absorption probability p,ps is also small.
In this case, we can expand Eq. (9) and obtain a linear relation
between the double ratio DR and the absorption probability of
the incident antiprotons within the increased neutron skin A,;:

Z
DR~ 14 (1 + A—]>pabs. (10)

This expression is nearly independent of the considered nu-
clei, and it signals that DR is a direct measure of the increment
of (integrated) neutron skin thickness. The only quantity to be
known is the total p + n reaction cross section 05,, which can
be determined from experiment by comparing, e.g., pp and pd
interactions.

II1. FINITE IMPACT PARAMETER RANGE

Of course, this simplified geometrical picture has several
deficiencies:

(i) In p-A collisions one cannot constrain the impact pa-
rameter and one, therefore, has to consider the full
impact parameter range.

(i1) The diffuseness of the neutron periphery and possible
differences between two isotopes are neglected.

(ii1) Usually incident antiprotons do not traverse the skin
radially and the absorption probability depends on the
impact parameter.

(iv) The absorption of produced antihyperons favor the
pair production in peripheral reactions.

(v) Different isotopes may also have different proton dis-
tributions.

Because of the large absorption cross section for antipro-
tons, the production ratio for ¥~ A and A A pairs reflects the
neutron and proton content of the nuclear periphery and will,
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FIG. 3. Individual areal densities for protons (dashed lines) and
neutrons (solid lines) within one interaction length for “°Ca (blue
lines) and “3Ca (red lines) at an incident momentum of 2.4 GeV/c
according to Sec. III. The density distributions were generated dur-
ing the initialization of the Gieen Boltzmann-Uehling-Uhlenbeck
(GiBUU) transport model simulations [56] using the RMF parameter
set of Ref. [58].

therefore, be strongly related to the neutron neutron skin or
halo. However, one has to keep in mind that particularly at low
beam energies the production ratio of ¥~ A and A A pairs is
influenced by different production cross sections. Considering
the double ratio for two isotopes, this dependence largely can-
cels. In the following, we will calculate the production ratio
between £~ A and A A pairs for two isotopes [see Eq. (1)] by
evaluating the double ratio of the component areal densities
for neutrons and protons within one attenuation length for the
two considered isotopes.

In this work we consider an incident p momentum of 2.4
GeV/c. At this energy, the interaction cross sections of p + p
and p + n are similar in magnitude and are about 55 mb [57].
For such a cross section, the interaction length at normal
nuclear density of 0.16 fm=> is about A = 1.14fm, corre-
sponding to an integrated areal density along the antiproton
path of [, puspdz ~ 0.18 fm~2. In the periphery, where the
density is low, this integral is of course limited by the lower
total areal density.

The density distributions used in the following are gener-
ated during the initialization of the GiBUU simulations using
the RMF parameter set of Ref. [58]. Assuming for simplicity
a straight line trajectory along the z direction for the incident
antiproton, Fig. 3 shows the areal density p%(b) = [, pedz
for protons (¢ = p; red lines) and neutrons (¢ = n; blue lines)
along the antiproton path within one interaction length A
for “°Ca (dashed lines) and “®Ca (solid lines) as a function
of the impact parameter b. Of course, at large impact pa-
rameters, where the nuclear density is low, a full interaction
length can not be reached and the integrated areal densities
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TABLE 1. Isotopes studied in this work. The second and third column give the natural abundances and the experimental charge radii.
Proton and neutron rms radii and their differences predicted by the relativistic mean field model of Ref. [58] for stable or long-lived isotopes
are listed in columns 4 to 7. The radial distributions are generated during the initialization of the Giefen Boltzmann-Uehling-Uhlenbeck
(GiBUU) transport model simulations [56].

Isotope Abundance Expt. charge Proton Neutron Neutron Skin RMF
radius radius radius skin difference model
(%) RJ® (fm) R, (fm) R, (fm) AR, (fm) A, (fm)
0Ne 90.5 2.992 4+ 0.008 [59] 2.782 2.758 —0.024 NL3 [58]
2Ne 9.3 2.986 £+ 0.021 [59] 2.800 2.887 0.087 0.111 NL3 [58]
0Ca 96.9 3.4776 £+ 0.0019 [60] 3.452 3416 —0.036 NL1 [58]
BCa 0.187 3.4786 + 0.0106 [60,61] 3.525 3.731 0.206 0.242 NL1 [58]
“Ca 96.9 3.4776 + 0.0019 [60] 3.391 3.354 —0.037 NL3 [58]
BCa 0.187 3.4786 +0.0106 [60,61] 3.472 3.659 0.187 0224 NL3 [58]
“Ca 96.9 3.4776 + 0.0019 [60] 3.396 3.360 —0.036 NL3* [62]
8Ca 0.187 3.4786 + 0.0106 [60,61] 3475 3.666 0.191 0.227 NL3* [62]
BNi 68.1 3.770 £ 0.002 [63] 3.769 3.768 0.000 NL3 [58]
%4Nj 0.926 3.854 £+ 0.002 [63] 3.822 3.947 0.125 0.125 NL3 [58]
129% e 26.4 4.7775 £ 0.0050 [60] 4.768 4.932 0.164 NL3 [58]
130xe 4.1 4.7818 £ 0.0049 [60] 4.776 4.950 0.174 0.010 NL3 [58]
Blxe 21.2 4.7808 4 0.0049 [60] 4.784 4.968 0.184 0.020 NL3 [58]
132X e 26.9 4.7859 + 0.0048 [60] 4.792 4.986 0.194 0.030 NL3 [58]
134X e 10.4 4.7899 + 0.0047 [60] 4.809 5.023 0.213 0.049 NL3 [58]
136X e 8.9 4.7964 + 0.0047 [60] 4.826 5.059 0.233 0.069 NL3 [58]

are lower. Whereas for “°Ca the proton and neutron content
within A is rather similar, for “*Ca the neutrons exceed the
protons by more than 50%. Integrating the individual compo-
nents for protons (¢ = p) or neutrons (¢ = n) over all impact
parameters,

S h®bdb

pP1
Jr=obdb

, Y

we find a neutron-to-proton ratios P"/P? = 0.97 and 1.65
for °Ca and *3Ca, respectively. The expected double ratio
amounts then to 1.65/0.97 2 1.70. The last column in Table II
lists the double ratios expected for all studied isotope pairs
and different RMF parameters from this schematic scenario.
To illustrate the sensitivity of the method in the case of only
small variations of the neutron distribution, we explore here
first the isotope chain of xenon. At an antiproton storage ring,
xenon can be experimentally explored in the mass range from
A =129 to A = 136. Of course, one has to keep in mind that
an efficient gas recirculation system will be mandatory. The
filled red squares and blue points in Fig. 4 show the rms radii
of the proton and neutron distributions as a function of the
Xe mass number. In these calculations not only the neutron
radii but, unlike in the simple geometrical picture presented
above, also the proton radii are rising slightly with increasing
neutron number. This increasing charge radius is qualitatively
consistent with experimental data—see open squares in Fig. 4
[60]—though the experimental slope with the mass number is
only about half as large. Note that the range of the neutron
skin varies by only 0.13 fm, which is only a factor of 2
larger than the uncertainty of the PREX measurement for
Pb. Since parity violating e~ scattering is generally ham-
pered by limited statistics, exploring such small neutron skin

variation in heavy isotope chains clearly calls for alternative
methods.

Figure 5 shows the double ratio from the two simplified
scenarios in Sec. II (blue squares) and Sec. III (green dots) for
xenon isotopes with mass A = 130-136 with respect to '**Xe.
Compared to the simple analytic expression of Eq. (9) with
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FIG. 4. Proton (filled red squares) and neutron (blue points) rms
radii of the initial distributions for stable or long-lived xenon isotopes
used by the GiBUU simulations [56]. The open red squares show
experimental values for the proton radii [60,64]. The lines are drawn
to guide the eye.
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TABLE II. Number of generated inclusive interactions and production yield of AA and ¥ ™A pairs in p-Ne, -Ca, -Ni, and -Xe interactions
at an incident momentum of 2.4 GeV/c. The last three columns show the double ratios deduced from the GiBUU simulation [56], and the
simple models presented in Secs. II and II1.

Target RMF Events Number of pairs Double ratio
model (x10°) AN > A GiBUU Eq. (9) pa (Sec. III)

Ne NL3 [58] 167 32387 10870

22Ne NL3 [58] 171 29227 13297 1.356 + 0.021 1.100 1.291
Ca NL1 [58] 415 76323 22880

BCa NL1 [58] 450 66694 36074 1.799 £+ 0.018 1.225 1.683
Ca NL3 [58] 415 74280 21827

BCa NL3 [58] 450 61313 32391 1.798 +0.019 1.207 1.683
0Ca NL3* [62] 415 78753 23438

BCa NL3* [62] 450 64212 34523 1.807 £+ 0.018 1.210 1.685
BNi NL3 [58] 100 16811 5230

O4Ni NL3 [58] 108 14978 6534 1.402 £ 0.030 1.109 1.340
129%e NL3 [58] 109 13717 6238

130x e NL3 [58] 109 13394 6225 1.022 £ 0.022 1.008 1.023
BlXe NL3 [58] 109 13403 6379 1.047 £0.023 1.015 1.047
132Xe NL3 [58] 109 13335 6556 1.081 4 0.023 1.023 1.071
134X e NL3 [58] 109 12771 6656 1.146 £ 0.025 1.037 1.120
136X e NL3 [58] 109 12680 6739 1.169 £ 0.025 1.053 1.170

zero impact parameter, the ratio is significantly enhanced by
considering the full impact parameter range. This is caused by
the larger role played by the neutron-rich nuclear periphery
at large impact parameters. Within this picture a significant

-9 B ] ‘ T ‘ L ‘ i =% ‘ 1 T 9 T N
% 12| simulations with GiBUU
o | - schematic calculations (b=0 fm) 2 |
2 | —— schematic calculations (full b range) % a
3
1.15 e AT
1.1 SEL : ]
1.05 |- L% e W
B 4 T i
| 4 4 _-m- 7 = |
,: - s . . —
5[
IFAREEEAE [ wa ol e goafossslospplsil

130 131 132 133 134 135 136
mass number A

FIG. 5. Double ratio predicted from the two simplified scenarios
in Sec. II (blue squares) and Sec. III (green dots) for different xenon
isotopes of mass A = 130-136 with respect to '*Xe. The density
distributions were generated during the initialization of the Gieflen
Boltzmann-Uehling-Uhlenbeck (GiBUU) transport model simula-
tions [56] using the RMF parameter set of Ref. [58]. The red triangle
show the results of the GiBUU simulations. The lines are drawn to
guide the eye.

variation of the double ratio over such an isotope chain is
expected.

IV. GIBUU TRANSPORT STUDY

A more realistic description of the hyperon pair produc-
tion can be achieved by microscopic transport calculations.
One such model, the Gie3en Boltzmann-Uehling-Uhlenbeck
(GiBUU) transport model [56], describes many features of
p-nucleus interactions in the FAIR (Facility for Antiproton
and Ion Research) energy range [56,65,66]. Particularly the
presently available data on strangeness production are well
reproduced. These simulations also avoid the approximations
adopted in the derivation of Eq. (9). In future studies we
will also consider the coplanarity of the produced hyperon-
antihyperon pair to extract additional information. However,
in the present work we restrict the discussion to the total
production ratios.

In the following, we employ the GiBUU model to study
P + Ne, Ca, Ni, and Xe reactions of several isotopes. All
studied isotopes have a sizable abundance (Table I) and can
in principle be used for experimental studies. The simulations
were performed with an incident antiproton momentum of
2.4 GeV/c.

The number of generated events for each nucleus are listed
in Table II. Typically, 100 million events require a com-
putational time of about four days on the MOGON?2 high
performance computing cluster at the University of Mainz.
During the initialization of these simulations, the proton
and neutron distributions of the target nuclei are generated
by a self-consistent relativistic mean-field (RMF) model. If
not mentioned otherwise, we use the RMF parameter set of
Ref. [58].
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FIG. 6. Production probability of AA pairs (circles) and T~ A
pairs (squares) predicted by the GiBUU transport model [56] in
exclusive 2.4 GeV/c p-'¥Xe (red symbols) and p-'**Xe (blue
symbols) interactions as a function of the impact parameter. For
orientation, the two lines mark the half-density radii r;/, of 129xe
(red line) and '**Xe (blue line).

A. The case of xenon isotope chain

Figure 6 shows the predicted production probability
~b’1dNYX/db for AA pairs (circles) and XA pairs
(squares) as a function of the impact parameter b for for 1**Xe
(red) and '3°Xe (blue) interactions. The vertical dashed lines
indicate rms radii for neutrons and protons of 129%e (red)
and '*®Xe (blue; see Table I). As expected, the pair produc-
tion probability is largest in the nuclear periphery, where the
chance of both the A and the A or X~ escaping is sizable.
At very small impact parameters, particularly the forward
going A have to cross a large part of the target nucleus to
be emitted. Consequently, for heavy nuclei like xenon the
absorption probability for A approaches 1 for more central
collisions.

Figure 7 shows the ratio of exclusive AA (red symbols)
and X~ A pair (blue symbols) production in **Xe vs 1*Xe
nuclei as a function of the impact parameter. At impact param-
eters around the nuclear radius, the AA production in p + p
interactions is reduced for the more neutron-rich isotope due
to the more extended neutron skin, which leads to an enhanced
absorption for the incoming p as well as the outgoing A. At
very large impact parameters beyond >7 fm, and at hence low
matter density, the antiprotons are hardly absorbed and the
antiprotons surpass the full proton (and neutron) distributions.
Since the proton distributions are quite similar for the two
isotopes, the AA ratio approaches 1.

The production ratio for ¥~ A pairs indicated by blue
symbols in Fig. 7 shows a somewhat different impact param-
eter dependence. For £~ A production, the absorptions of the
incident antiprotons and the produced A within an extended
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FIG. 7. Ratio of exclusive AA (red) and X~ A pair (blue) pro-
duction in *Xe vs '®Xe nuclei as a function of the impact
parameter.

neutron skin act in opposite directions. Indeed, a weak sup-
pression is observed at more central collisions and the region
of intermediate impact parameters shows similar yields for
129Xe and '*®Xe. However, going further into the low density
periphery of the nuclei beyond b > 6 fm, the absorption of
the A is less important and the additional neutron content of
136Xe enhances the £~ A production with respect to '*Xe
considerably.

Table II gives the individual yields for all six isotopes and
the yield ratios between **1%Xe and '?°Xe. Already the in-
dividual yields show a continuous sensitivity to the additional
neutron layer in '*®Xe. Since the yield ratios R for AA and
XA pairs are affected in opposite directions, the sensitivity
is even more enhanced by forming the double ratio DR of
Eq. (1). Despite the small neutron skin variations between
129%e and '*°Xe of only 0.07 fm (see Table I), the skin vari-
ation correlates strongly with the double ratio calculated with
the GiBUU code with a Pearson correlation of 0.984 for these
xenon data.

It is interesting to note that the double ratio from the
GiBUU simulations (red triangles in Fig. 5) and the ratios
from our simplified calculations of Sec. III (green dots in
Fig. 5) agree within errors. Although the quantitative agree-
ment may be fortuitous, this strong correlation shows that the
simple analytic model outlined in Sec. III covers the main
features of the process. This will be discussed in more detail
at the end of this section and in Sec. V.

B. The case of 2’Ne and **Ne

Like the noble gas xenon, neon is also a feasible element
for the PANDA cluster-jet target. Besides the common isotope
20Ne, also **Ne might be a feasible target if the cluster target
system is equipped with a gas regeneration system. The mea-
sured charge radii of 2°Ne (r, = 2.992 + 0.008 fm) and *’Ne
(r. =2.986 £0.021 fm) differ very little [59]. This small
variation is also reproduced by Hatree-Fock-Bogoliubov [67]
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and relativistic mean field calculations [68]. On the other
hand, according to these calculations, the radius of the neutron
distribution of **Ne is about 0.2 fm wider than the one of *°Ne
[67]. The RMF model implemented in the GiBUU code gives
a difference which is about half as large (see Table I).

The upper part of Table II gives the individual yields and
the yield ratios for >*Ne and 2°Ne targets predicted by GiBUU
for an incident antiproton momentum of 2.4 GeV/c. Unlike
for the xenon isotopes, already the individual yields show a
remarkable sensitivity to the additional neutron layer in >*Ne.
Since the yield ratios for AA and X ™A pairs are affected
in opposite directions by the additional neutron layer, the
sensitivity is even more enhanced by forming the double ratio
DR, which reaches a value around 1.4.

C. The case of *’Ca and ¥*Ca

Charge radii of calcium isotopes are very well known [69].
Indeed, **Ca has the same rms charge radius as *’Ca within
0.001 £ 0.003(stat.) &= 0.010(syst.) fm [61], making this iso-
tope pair an ideal case for the proposed method. One has to
keep in mind though that the proton density distributions also
show significant differences [70,71].

The GiBUU model evaluates the initial charge and neutron
distributions of the target nucleus with a specified RMF pa-
rameter set. The same parametrization also enters during the
time evolution of the reaction. Of course, any interpretation
of experimental data should be constrained to simulations that
describe the proton distributions (and other possible observ-
ables) reasonably well. In the present work we use three RMF
descriptions, NL1 [58], NL3, and NL3* [62], which provide
slightly different proton and neutron distributions. In all three
cases the proton radii are close to the experimental values
(see Table I). In line with the similar proton and neutron
distributions, the double ratios from the GiBUU simulations
agree within statistical uncertainties for all three cases (see
Table II).

In Fig. 8 we depict the double ratio deduced from the
neutron-proton content of the nuclear periphery as described
in Sec. IIT as a function of the double ratio predicted by the
GiBUU transport calculations of 2.4 GeV/c p+A interac-
tions. The systematic difference between the two double ratios
can be, at least in part, traced back to the difference in absorp-
tion of antihyperons and hyperons, which is particularly large
at small impact parameters, where the double ratio is smaller
(cf. Figs. 7 and 3). In our schematic model this absorption
effect has been neglected. Nonetheless, the strong correlation
between the two quantities in Fig. 8 with a slope close to 0.9
and with a remarkable Pearson coefficient of 0.999 suggests
that our schematic model accounts for the main features of
the reaction process modeled by the GiBUU code. The fact
that this linear correlation holds over a wide mass and element
range is also in line with Eq. (10), which itself indicates within
the (oversimplified) scenario of Sec. II the dominance of the
neutron skin difference. It seems that the double ratio is not
strongly influenced by the dynamics of the reaction process.

In cases where predictions for the density distributions of
protons and neutrons exist, the prescription of Sec. III and the
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FIG. 8. Double ratio deduced from the neutron-proton content
of the nuclear periphery as described in Sec. III as a function of
the double ratio predicted by the GiBUU transport calculations of
2.4 GeV/c p+A interactions. The black line is a linear fit to the data.
The Pearson coefficient between the two double rations amounts to
0.999.

correlation of Fig. 8 allow the evaluation of the double ratio,
which could be confronted with experiments.

V. SENSITIVITY AND SYSTEMATICS OF THE METHOD

A. General aspects

The results for the xenon isotopes give an important hint
about the sensitivity of double ratios to the thickness of the
neutron skin. It is, however, highly desirable to investigate
that relation systematically on more general grounds. Under
theoretical aspects, one may use results obtained by a repre-
sentative selection of nuclear models. That was the approach
pursued in the previous sections: The RMF models incorpo-
rated into the GiBUU numerical transport package are well
tested and widely and successfully used mean-field models.
The results are typical at least for covariant nonlinear energy
density functionals. Since modern mean-field approaches lead
within error bars to the same results for nuclear masses and
form factors, the GiBUU-based result discussed in the previ-
ous sections can be considered to be valid and realistic even
beyond the special class of built-in mean-field approaches.
Obviously, extending the list to other covariant or nonco-
variant energy density functional approaches will not lead to
fundamentally different conclusions.

However, it is still of value to dig a bit deeper into the rela-
tion between antiproton-nucleus double ratios and the nuclear
skin properties. It is worthwhile to recall that the rms radius,
together with the diffusivity, and the half-density radius, as
defining key element of nuclear density distributions, are of
high research interest. Most spectacularly, this is reflected by
unexpected results of the PREX/CREX experiments on the
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neutron skin in 2®®Pb. They are in tension with the seemingly
well established former, largely theoretically based knowl-
edge on that issue.

In this paper and especially in this section we anticipate
that antiproton annihilation on nuclei provides an indepen-
dent approach to nuclear skin research. For that aim, we set
aside for the moment the numerically involved self-consisted
RMF description and revert to an easy-to-handle, but realistic,
schematic approach. Except for the lightest nuclei, nuclear
density distributions are well described by form factors of
Wood-Saxon shape. Proton (A; = Z) and neutron (A; = N =
A — Z) number density distributions are parametrized by
Fermi-distributions

Po(Ag)

T oAy (12)

pq(r ) =
where for simplicity we assume spherical symmetry. The
half-density radius R, and diffuseness a, may be adjusted to
electron scattering data or to theoretical RMF or nonrelativis-
tic HFB results, respectively. Normalization to the respective
mass and charge numbers leads to

34,

A)= —————,
po(Aq) 471R3(1+xq)

13)

Ta,

> ) and po(A,) ~ py(r)l,=o is the density at
the center of the nucleus. The mean-square radius is

121 7,2
(r2> — ERZ 1 + %xq + g.xq . (14)
a5 1+ x,

where x, = (

The expressions of Egs. (13) and (14) are correct up to terms
of order O(e*4/%). For a, = 0 the expressions of Egs. (13)
and (14) reduce to the respective hard sphere results that we
adopted in Sec. II. The two central messages of this exer-
cise are first that the nuclear geometrical parameters are in
fact intimately and nonlinearly correlated, and second that
strict constraints on parameter variations are imposed by the
requirement that the normalization to proton and neutron
numbers must be maintained separately. A clear advantage
of the Fermi-function model is to illustrate those aspects of
nuclear density distributions in a very transparent manner.

In this section we concentrate on the isotope pair of *’Ca
and *®Ca. To mimic the effect of different nuclear models, we
modify the neutron distribution of “*Ca. In the following, two
nominally different scaling approaches will be used to study
possible statistical and systematic uncertainties.

B. Radial scaling as a form-invariant transformation

The Fermi-function model is an ideal tool to clarify the
connections between radial scaling and scaling of density
parameters. Radial scaling by a factor ¢ amounts to stretch
(e > 1) or squeeze (0 < « < 1) the radial coordinate:

Pa(r) = Bylatr) (15)

constrained by

a= [ @ro= [0, a6
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FIG. 9. Double ratio deduced from the neutron-proton content
of the nuclear periphery versus the difference of the neutron skin
thickness A, for **Ca and “*Ca. In order to explore the effect of
different neutron skins for “*Ca, its neutron distribution generated
by GiBUU was artificially scaled in the radial direction by a given
factor, while the proton distribution and the distributions for *°Ca
remained unchanged. The density distributions are generated during
the initialization of the GiBUU simulations [56] using the RMF
parameter set of Ref. [58].

which corresponds to requiring equality of the integrands,
d*rpy(r) = d°rypy(rs). The norm integral is conserved by
using p,(ar) = p,(ar) and d*ry = &3d3r, or alternatively,
Pq(ra) = a3pq (ar) combined with the unchanged volume el-
ement d°r, = d°r.

Modeling the nucleon density distributions by Fermi func-
tions, radial scaling produces

po(Ag) po(Ag)

pq(OH') = 1 + elar—Rg)/aq - 1+ e(rfRflﬂ))/a,(Ia) an

with R\ = R, /a and @) = a,/«. Hence, radial scaling cor-
responds to scaling simultaneously the half-density radius
R, and the diffusivity a, by the same factor. Hence, we are
led to the conclusion that radial scaling is a rather restric-
tive approach because mathematically it is a shape-invariant
transformation. Still, it can be used to estimate statistical
uncertainties of the method.

Of course, such a radial scaling can be applied to any
distribution. For this study we make use of density distribu-
tions which are generated with the initialization code of the
GiBUU simulations [56] using different RMF parameter sets
of Ref. [58]. We consider here only parameter sets which
give proton radii in good agreement with the experimental
values (see Table I). First, the neutron density distribution of
“8Ca was radially scaled. Subsequently, the neutron density
distribution was renormalized to the total number of neutrons
of 28. As stressed before, the diffuseness of the neutron skin is
scaled correspondingly. The neutron distribution of *°Ca and
the proton distributions of both isotopes remained unchanged.

Figure 9 shows the double ratio calculated as described
in Sec. III versus the difference A, of the neutron skin be-
tween the *°Ca nucleus and the modified **Ca nucleus, A,
= Aan(48Ca)—Aan(40Ca). The symbols on each line mark
the double ratio and neutron skin difference for the original
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density distributions (cf. Table I). For all three interaction
parameters we find a very similar linear relation between the
double ratio and A,. An uncertainty of the double ratio of
+1%, which is typical for the GiBUU data sets in this work
(see Table II) translates into an uncertainty of the neutron skin
variation by about +7%. Including possible systematic varia-
tions due to the three different interactions, an uncertainty of
the double ratio of +1% translates into an uncertainty of the
neutron skin variation by about £10% (see yellow bands in
Fig. 9). This is about a factor of 3 smaller compared to the
uncertainty of the CREX result.

C. Two-parameter scan in the Fermi model

If nuclear density distributions would obey radial scaling,
then knowing one nuclear density would be sufficient for
knowing the density distributions of all nuclei. Obviously, that
is not the case. In reality, nuclear density distributions depend
on the properties of the wave function, seen most impressively
in neutron-rich halo nuclei. Thus, half-density radius and dif-
fuseness evolve with proton and neutron number by their own
rules, defined by the shell structure, i.e., single-particle angu-
lar momentum, and separation energies which are determined
by the interplay of the various components of the nuclear
mean field, including long-range Coulomb interactions.

The Fermi-function approach provides the degrees of free-
dom necessary for realistically modeling the nuclear density
distribution. The general case is given by varying indepen-
dently R, and ay:

p 1
Py = oA (18)

+ e—R/a’

where p(()’\'K)(Aq) is defined with the scaled parameters R;” =

AR, and al) = kay, assuring the proper normalization. Evi-
dently, the above ansatz allows one to study shape variations,
induced by changes in R, and/or a,.

As pointed out in our Introduction, the characterization
of the neutron density distributions in terms of a single
quantity like the root-mean-squared radius is a major simpli-
fication. In fact, differing nuclear density distributions may
lead to the same rms radius. This can be nicely illustrated
by the two-parameter Fermi distribution function, where the
rms radius depends on both the radius and the diffuseness
of the distribution [see Eq. (14)]. Requiring for example a
fixed Ryms = 4 fm, a variation of the diffuseness parameter
by Aa, = +£0.05 fm can be compensated by a variation of
AR, ~ F0.12 fm and vice versa. For orientation, the diffuse-
ness parameters of *’Ca and *®Ca are expected to be in the
range from 0.45 to 0.55 fm (see, e.g., [72]).

We will make use of the model of Sec. III to illustrate
the sensitivity of the double ratio to both parameters of a
two-parameter Fermi distribution. For the proton distributions
of “°Ca and **Ca and the neutron distribution of “°Ca we
adopted fixed half-density radii of 4 fm and diffuseness pa-
rameters of 0.6 fm, which describe the GiBUU generated
ones reasonably well. For the neutron distribution of “*Ca the
half-density radius R, (*3Ca) and the skin depth a, (*8Ca) were
varied independently.
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FIG. 10. Probing the dependence of the double ratio DR and
the neutron skin thickness AR, on variations of the half-density
radius R, and the diffuseness a, of the neutron density distribution in
“8Ca. Calculations were performed according to Sec. III with a two-
parameter Fermi function as an anzatz for the density distributions of
48Ca with half-density radius R,(**Ca) and diffuseness a,(**Ca). For
the proton distributions of **Ca and **Ca and the neutron distribution
of Ca, fixed half-density radii of 4 fm and diffuseness of 0.6 fm
were used. The plot shows isolines for the double ratio (blue) and
neutron skin thickness of *Ca (red).

Figure 10 shows isolines for the double ratio (blue) and
neutron skin thickness of “*Ca (red) defined via the difference
of the proton and neutron rms radii, in the R, (**Ca)-a,(**Ca)
parameter space. A precise determination of the double ratio
will determine a specific narrow monotonic relation between
R, and a, in Fig. 10. Note that for a Fermi function the
diffuseness parameter corresponds to the inverse of the slope
at the half-density radius. Thus, without referring to a specific
analytical shape of the density distributions, the slope (or its
inverse) at the half-density radius dp/dr|,=g,, may provide a
more general characterization of the diffuseness of theoretical
predictions. Since, e.g., each model shown in Fig. 1 will mark
apoint in Fig. 10, the double ratio may serve as a sensitive test
for the various models.

The fact that the blue and red isolines are not running
parallel signals that the double ratio is not uniquely related to
the rms radius of the neutrons but also depends on admixtures
of higher moments. Indeed, the combination of the present
method with other observables which probe different regions
of the neutron skin, e.g., antiprotonic atoms [38], may enable a
deeper view beyond the simple rms value on the neutron skin.

VI. EXPERIMENTAL ASPECTS AND OUTLOOK

The present GiBUU simulations focused on an incident
antiproton momentum of 2.4 GeV/c. Of course, the beam
momentum needs to be optimized with respect to, e.g.,
the production yields, experimental efficiency, and sensitiv-
ity. In particular, the A pair production will be reduced
at lower beam momenta. Preliminary results for the neon
case at a lower momentum of 1.7 GeV/c have been pre-
sented earlier [73]. Due to the larger p + n cross section of
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63 mb at an antiproton momentum 1.7 GeV/c, the schematic
model of Sec. III predicts an increase of the double ratio
by about 1.4% as compared to the case of 2.4 GeV/c. The
GiBUU simulations (with improved statistics with respect
to [73]) predict a double ratio of 1.440 £ 0.054 and hence
a somewhat larger increase by 6.2 +4.1%. However, the
statistical uncertainty is still rather large due to the limited
computing time. Though this explorative result suggests that
the incident antiproton momentum has only a small effect
on the double ratio, a systematic study with larger event
samples is clearly desirable. It would be of interest to per-
form corresponding calculations with other transport model
codes [74-80], also under the aspect of systematic model
uncertainties.

The proposed method focuses on the total production ra-
tios of AA and X~ A pairs. The masses of the A and A
hyperons can be easily reconstructed by the charged decay
channel. The identification of the ¥~ — 7~ n decay channel,
which dominates with 99.8%, will be more challenging. At
PANDA, about 2.7% of the X~ tracks can be reconstructed
by the microvertex detector. The X~ can be identified by
a kinematic fit including the ¥~ -7~ decay vertex and the
associated hit of the neutron in the calorimeter. The reduced
3~ mass resolution will of course increase the background for
¥~ A pairs. Nevertheless, in the double ratio, many systematic
effects will cancel. Furthermore, p-p and p-d interactions will
provide important points of reference.

At PANDA, reconstruction efficiencies of 30%, 30%, and
2% are expected for A, A, and T, respectively [81]. Even
with a moderate average interaction rate of 2 x 10° s~1, the
statistical precision shown in Table II, e.g., for calcium, can
be reached in about half a day for each isotope. Although the
additional background, particularly for the ¥, may require

somewhat larger measuring periods, this estimate demon-
strates the large potential of this method for a precision study
at an antiproton storage ring.

With the regular pellet target system of the PANDA setup,
all noble gases can be employed. But even with a cleaning
and recirculation system the operation with such isotopically
enriched gaseous isotopes will be rather costly. Instead, with
a filament target system similar to the one developed for the
hyperatom studies at PANDA [82,83], many solid nuclear
targets are also feasible. Note, that only a few milligrams
of material is needed for such a target filaments. While we
have focused in this work on the two double magic calcium
isotopes, additional calcium isotopes or many other isotope
chains, e.g., 38-64Ni [84], will therefore be experimentally
accessible at a reasonable price, and with enrichment [85] and
measuring times. For specific isotope pairs, where sufficient
target material is available, also a measurement in a fixed tar-
get mode may be feasible, e.g,. making use of the antiproton
beam at J-PARC [86].

Finally we note that an analogous method might also allow
one to explore the evolution of the proton skin thickness in
isotone chains. Combined with precise data on the proton
distributions this might give access to the neutron distributions
in proton rich isotones.
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TABLE III. Published radii of protons and neutrons in “*Ca which are shown in Fig. 1.

Method Reference R, (fm) R, (fm) AR, (fm)
10.8-16.3 MeV p elastic scattering [90] 3.38 3.78 £ 0.09 0.39+0.10
1044 MeV p elastic scattering [13] 3.48 3.66 0.16 = 0.023
1040 MeV p elastic scattering [91] 3.38 3.54 0.16 & 0.05
1040 MeV p scattering [21] 341 3.58+0.04+0.1 0.18 +£0.04 0.1
800 MeV p + *8Ca [92] 3.376* 3.561* 0.18 £0.08
500-1040 MeV p scattering [23] 3.436 £ 0.023 0.079 £ 0.023
n + *Ca and p + *3Ca scattering [93] 0.249 + 0.023
p 4 *Ca and *8Ca + 2 scattering [20] 0.158 & 0.023(exp) £ 0.012(mod)
p + *8Ca and *¥¥Ca 4 '2C scattering (28] 3.43+0.16
166 MeV « elastic scattering [94] 3.39 3.724+0.12 0.33+0.12
1370 MeV « elastic scattering [95] 3.48 3.67 £ 0.05 0.194+0.05
104 MeV « elastic scattering [96] 0.174+0.10
*Ca + '2C interaction cross section [27] 0.197 4 0.048
7~ and 7" scattering [97] 0.20 £ 0.09%
7~ and T scattering [14,15] 3.324+0.03 343+£0.03 0.11£0.04
Analysis of antiprotonic atoms [16] 0. 12f8:g§
Pionic atoms [98] 0.13 £0.06
[98] 0.16 £0.07
Electric dipole polarizability [36] 0.17+0.03
CREX [52] 0.121 £ 0.026(exp) % 0.024(mod)

*Assuming R, = R, for Ca.
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TABLE IV. The neutron skin thickness AR,, = R (1) —Rims(p) of 208pp deduced by different experiments and analyses as shown in Fig. 1.

Method Reference AR, (fm) Remark
Elastic p and n scattering at 40, 65, 200 MeV [22] 0.17
Elastic p scattering at 295 MeV [18] 0.211+0:0%
Elastic p scattering at 650 MeV [99,100] 0.20+ 0.04
p + 2%Pb reaction cross section at 30—100 MeV [26] 0.278 £ 0.035
208ph + 208ph 4t LHC [29] 0.217 4 0.058
Antiprotonic atoms [101] 0.16 &£ (0.02) 15 £ (0.04)4ys

[102] 0.21 +£0.03

[103] 0.20 = (0.04)exp £ (0.04) o Reanalysis of [101]
Pionic atoms [98] 0.154+0.08

[98] 0.14 £0.10
7+ reaction cross section [98] 0.11 £0.06 "Pb target
Strength of pigmy dipole resonance [104] 0.18 + 0.035

[33] 0.194 4+ 0.024
Electric dipole polarizability [35] 0.156+0:92
By p scattering at 295 MeV [105] 0.165 % (0.009)exp £ (0.013)ge0 £ (0.021 )

[35,106] 0.168 & 0.022 Reanalysis of [35]
Giant dipole resonance; 120 MeV « scattering [31] 0.194+ 0.09 See [32]
Giant dipole resonance; 196 MeV « scattering [32,107] 0.12 4+ 0.07
Anti-analog giant dipole resonance [108] 0.161 £ 0.042
[109,110] 0.216 £ (0.046)cyp £ (0.015)he0

Coherent 7° production [37] 0.15 £ 0.03 (stat.) 59} (sys.)
Parity violating e~ scattering [50] 0.33f8:}§
Parity violating e~ scattering PREX 14-2 [51] 0.283 £ 0.071
Tidal deformability from neutron star merger [40] <0.25 Analysis of [41]
NICER [111,112] <0.31 Analysis of [42]
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APPENDIX

Tables III and IV collect the values and references for the
data displayed in Fig. 1.
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