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Coulomb-free 'Sy p — p scattering length from the
quasi-free p4+d — p + p + n reaction and its
relation to universality

1, 23

Aurora Tumino® 2% Giuseppe G. Rapisarda2'3, Marco La Cognataz, Alessandro Oliva ,

Alejandro Kievsky@® 4, Carlos A. Bertulani® °, Giuseppe D'Agata® 2, Mario Gattobigio®, Giovanni L. Guardo?,
Livio Lamia?37, Dario Lattuada® "2, Rosario G. Pizzone?, Stefano Romano?3/, Maria L. Sergi2'3,
Roberta Sparta? & Michele Viviani®

The Coulomb-free 1Sy proton-proton (p-p) scattering length relies heavily on numerous and
distinct theoretical techniques to remove the Coulomb contribution. Here, it has been
determined from the half-off-the-energy-shell p-p scattering cross section measured at
center-of-mass energies below 1 MeV using the quasi-free p+d— p -+ p +n reaction. A
Bayesian data-fitting approach using the expression of the s-wave nucleon-nucleon scattering

cross section returned a p-p scattering length a,, = —18.17503¢|,,, £0.01,, fm and effective

syst
range ro = 2.80 * 0.0544 * 0.0015, fm. A model based on universality (y:oncepts has been
developed to interpret this result. It accounts for the short-range interaction as a whole,
nuclear and residual electromagnetic, according to what the s-wave phase-shift § does in the
description of low-energy nucleon-nucleon scattering data. We conclude that our parameters
are representative of the short-range physics and propose to assess the charge symmetry
breaking of the short-range interaction instead of just the nuclear interaction. This is con-
sistent with the current understanding that the charge dependence of nuclear forces is due to
different masses of up-down quarks and their electromagnetic interactions. This achievement
suggests that these properties have a lesser than expected impact in the context of the

charge symmetry breaking.
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charge symmetry of nuclear forces can be unveiled by

fixing the low energy parameters of the strong nucleon-
nucleon (NN) interaction in the spin-singlet 1S, state!. Charge
independence requires that nuclear forces do not distinguish
between neutron and proton, while charge symmetry relies on the
same interaction between two neutrons and two protons. Viola-
tion of the first one is associated with the mass difference between
charged and neutral pions, responsible for the different values of
the nuclear force range between two neutrons (or two protons)
and neutron-proton. Indeed, while identical nucleons exchange a
neutral pion, a neutron and a proton may exchange both a
neutral and a charged pion. The charge symmetry breaking is
mainly attributed to the up-down quark mass difference, though
its validity is supported to some extent by an approximate
equality of binding energies of isobar nuclei. The charge sym-
metry breaking of the nucleon-nucleon interaction seems to be
manifested in the s-wave scattering lengths that determine the
low-energy behavior of NN scattering!.

A precise determination of the s-wave scattering lengths for
neutron-proton (n-p), proton-proton (p-p), and neutron-neutron
(n-n) interactions can provide important hints to definitively
solve this problem. Moreover, these parameters are fundamental
quantities in developing the nuclear-force models to explore the
nuclear structure/properties and the interactions between nuclei.

The n-p scattering length is the only one directly determined
from experiments, since the Coulomb effects need to be theore-
tically removed from experimental p-p data to reveal the strong
interaction contribution to the scattering length, while it is
impossible to study the n-n scattering directly because of the
absence of neutron targets®. The knowledge of these quantities,
however, will help to distinguish between the n-n and p-p inter-
actions. In the framework of the chiral effective field theory, such
differences between the two interactions would appear at the
fourth order (N3LO). As for the p-p scattering, the accurate and
numerous experiments performed so far throughout a broad
energy range, have revealed that Coulomb corrections are large.
One of the latest estimates of the uncorrected p-p scattering length
using available p-p scattering world data at p laboratory energies
below 30 MeV is quoted as —7.8063 + 0.0026 fm3. The p-p scat-
tering length for switching off the Coulomb interaction is different
from it because the phase shifts are non-linear functions of the
interactions. The removal of electromagnetic interactions requires
sophisticated theoretical tools, which, although fairly well assessed,
can introduce considerable model dependence and some uncon-
trolled systematic uncertainty in the nuclear p-p scattering length
thus derived*®. Some of them invoke, for example, effective
field theory expansions”$ including short-distance effects of the
Coulomb potential’, or heavy-baryon chiral perturbation
theories!?. The outcome can be as low as —14.9 + 0.3 fm8 or up to
values ranging from —16.0+0.3 fm!! to —17.5+0.3 fm!0. The
scatter of about 2.5 fm between the corrected values can be
hazarded as an estimate of the systematic uncertainty coming
from theory. Moreover, by comparing the relative uncertainties
before and after the correction, we can conclude that though still
very low, the model corrections bring an increase in the relative
uncertainty of almost two orders of magnitude.

The present situation is outlined in Ref. 12 from the vast body
of experimental data obtained so far, the current accepted values
for the n-p, nuclear p-p and n-n scatterings are a,, = —23.74+
0.02 fm, a)) = —17.3+0.4 fm and a), = —18.9+£0.4 fm.

However, it should be pointed out that the determination of
the nuclear scattering length introduces a model dependence due
to the arbitrary exclusion of the short-range electromagnetic
contributions. A well defined, almost model-independent quan-
tity would be the short-range scattering length. For the pp system,

The longstanding hypothesis of charge independence and

this would require that only the long-range Coulomb contribu-
tion is subtracted but all the short-range contributions are taken
into account. In the present work, and to our knowledge for the
first time, we determine the Coulomb free p-p scattering length
and effective range taking advantage of the half-off-the-energy-
shell (HOES) p-p scattering obtained by measuring the ZH(p, pp)n
reaction in quasi-free kinematics with the Trojan Horse Method
(THM)13-14, At the same time, we develop an almost model-
independent procedure to extract the Coulomb free p-p para-
meters from their direct p-p experimental values. This procedure
is based on universal concepts thanks to the particular location of
the two-nucleon system inside the universal window, a region of
the interaction parameters characterized by the presence of a
shallow state (bound or virtual). The presence of this soft scale is
well suited for a description based on the effective field theory
framework!® as the various quantities become insensitive to the
details of the nuclear potential models. It is exploiting this fact
that our theoretical analysis becomes almost model-independent.

Results and discussion

Coulomb-free p-p scattering cross section. The primary ingre-
dient of the present work, i.e. the HOES p — p scattering cross
section, is the result of a measurement of the 2H(p, pp)n reaction
in quasi-free kinematics with the THM!314, The THM is a well
known indirect technique, which has its roots in the unique
properties of the quasi-free mechanism!®17 that allows to study
reactions between charged particles at sub-Coulomb energies free
of Coulomb suppression as well as electron screening (see “THM
basic features” in the Methods section). In particular, the aim of
the 2H(p, pp)n measurement was to investigate the restraint of the
Coulomb amplitude. A striking application of the THM where
this restraint can be observed is exactly the p-p scattering at low
energy, whose excitation function beautifully displays a deep
minimum (E,, = 191.2 keV, 6,,, = 90°). This minimum is a direct
signature of the interference between nuclear and Coulomb
scattering amplitudes. Indeed, an evidence of a vanishingly small
Coulomb contribution is the lack of the interference minimum in
the HOES p-p scattering excitation function. An exhaustive
description of the experimental measurement as well as of data
analysis performed in plane wave impulse approximation
(PWIA) is given in!3!4 Here we will recall the basic features
needed for the purpose of the present work.

We recall the compelling agreement between experimental
THM p-p scattering data, shown in Fig. 1 as red solid circles and
the independently calculated HOES behavior based on the
formalism developed in!* displayed as black solid line in the
same figure.

The formalism yields:

do HOES 1 , X
() = (Fe0 21 b +slre 1),
(1)

where
F(p.k) = myee ™T(1 + in)(p* — k)"g(p. ),
with
gp, k) =0p- k)—2(1+m) +(p+ k)—z(pﬂ'q)7

the + sign depending on whether the total spin of the two protons
is S = 0 (singlet state, first term in the brackets in Eq. (1)) or S=1
(triplet state, second term in the brackets in Eq. (1)), respectively.
Here, p(k) is the relative off-shell(on-shell) momentum of the
protons in the incoming(outgoing) channel, e is the electric
charge, m, the proton mass and # the Sommerfeld parameter.
The Coulomb-modified nuclear HOES p-p scattering amplitude,
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Fig. 1 Coulomb-free p-p scattering cross section. HOES p-p scattering
cross section from a weighted average of all the experimental data reported
in'4 versus the relative p-p kinetic energy (red solid circles). The black solid
line represents the theoretical HOES p-p cross section obtained using

Eq. (1). The blue solid line refers to the same Eq. (1) with the two proton
charges Ze set to zero so as to turn off the residual Coulomb interaction.
Black solid circles represent the HOES p-p scattering cross section after
removal of the residual Coulomb interaction (see text for details). Error
bars denote * 1o uncertainties.
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Fig. 2 Experimental proton angular distributions. Results are shown as
black solid circles and refer to p-p relative energies of E.,, =250 keV and
E., = 600 keV. Error bars indicate * 16 uncertainties.

Tcn» at low energies can be also written in analytical form!4. This
expression predicts a drastic suppression of the Coulomb
interaction in quasi-free scattering. It only accounts for the s
partial wave since for the elastic scattering at sub-Coulomb
energies the s wave gives overwhelming contribution also to the
HOES scattering cross sections, due to the fast decreasing of the
scattering phase shifts for > 0. This is reflected in the isotropic
behaviour of the experimental p angular distributions, as shown

in Fig. 2 for p-p relative energies of 250 and 600 keV. The
reported center-of-mass angle is the one between the momentum
of any of the two protons and the beam direction!8. The fact that
the calculated HOES p — p cross section nicely fits the THM data
is a proof of validity of the PWIA factorization (see “THM basic
features” in the Methods section) of the ZH(p, pp)n cross section.

As noticed in Ref. 14, THM data below a p-p center of mass
energy of 200 keV show a slight increase with respect to the
nuclear on-the-energy-shell (OES) p-p behavior, due to a residual
Coulomb interaction in the Ty term. This residual contribution
disappears from the HOES treatment by replacing the two proton
charges Ze by zero, fairly reproducing the behavior of the
calculated n-n and pure nuclear p-p cross sections as given in!®.
The solid blue line in Fig. 11(b) of Ref. 4 clearly displays the
success of using this procedure, where the model uncertainty is
smaller than the statistical error. We will refer to this line as the
HOESn p-p cross section. To determine the Coulomb free p-p
scattering cross section from the *H(p, pp)n data, the residual
Coulomb interaction has been removed dividing the extracted p-p
cross section by a correction term obtained from the ratio
between the theoretical HOES p-p and HOESn p-p cross sections.
The result is reported in Fig. 1 as black solid circles, with the solid
blue line representing the HOESn p-p cross section. This
procedure introduces a negligible uncertainty (less than 0.5%),
quoted through the analysis of the covariance matrix. This is a
clear effect of the correlation between HOES and HOESn curves
originating from the same Eq. (1) and represents indeed an
advantage of the methodology.

Scattering length and effective range from a Bayesian approach
analysis. The p-p scattering data free of residual Coulomb
interaction were fitted with the s-wave effective-range expansion,
the conventional tool to analyze NN scattering data at low
energies!?~22, For the low energy NN s-wave phase shift, &, it
reads

1 1
kcotd = —;—i—irokz, (2)

where k denotes the relative momentum of the NN pair and g and
1o are the scattering length and the effective range parameters,
respectively.

The s-wave NN scattering cross section is given by

4

G—1rl + 8 ©

otot =

The fit was done with three free parameters: a, r, and a
normalization coefficient C. The latter was introduced to remove
the possible systematic uncertainty coming from the data normal-
ization procedure of!>14, which however is less than 2%. The quasi-
free p-p scattering cross section deduced from the 2H(p, pp)n data
using the THM, is indeed not normalized!>!4. An overall
normalization was done in!®!4 by matching to the theoretical
on-shell p-p cross-section above the Coulomb barrier after being
averaged out at the same energy bin of THM data. Here, a Bayesian
approach (see Methods section “Bayesian analysis approach”) was
used to fit the data, in order to better sample the parameters of the
cross section model (Eq. (3)) according to our data. A Markov
Chain Monte Carlo (MCMC) was implemented using the emcee
Python library?3, which is based on the algorithm described in?4. A
flat prior distribution was chosen for a, sampled in the interval
(—25 fm, —15 fm) to account for the large historical dispersion of
this model parameter. A Gaussian prior distribution was taken for
1o with centroid at 2.80 fm corresponding to the weighted average
of the current accepted values from the three NN combinations and
0=0.04 fm. A Gaussian prior distribution was taken for the
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Fig. 3 Corner plot from the Bayesian approach analysis. Corner plot of the posterior distributions from the MCMC analysis for a, ro and C model
parameters. The level-like curves in the two-dimensional plots display from inside to outside the 16, 26 36 confidence intervals of the posterior distributions
for the three parameters. The 1o range is also highlighted by the dashed lines in the one-dimensional plots.

normalization coefficient C as well, having found that it varies
within few percents throughout the intervals chosen for the
model parameters. The result of the fit is shown in Fig. 3 with the
final posterior distribution from the MCMC analysis. The small
correlation observed between C and a,, is expected as normal-
ization shifts the fitting line and, more importantly, its intercept.
The overall systematic uncertainties amount to a 2% and result
from the normalization procedure (1.5%) and from the subtraction
of the FSI contribution in the selected region of events with neutron
momentum values lower than 20 MeV/c (1.4%) as reported in1314,
These two uncertainties have been combined in quadrature.
Separating the statistical uncertainties from the systematic ones,
the numbers read as: Ay, = —18.171022 ot +0.01, fm and
1o =2.80 £ 0.054, + 0.001,,, fm. Consistent numbers result from
individual fits of the single data sets from the independent
measurements reported in Fig. 10 of!314,

The result of the fit is shown in the upper panel of Fig. 4 as
solid black line with Coulomb free THM p-p scattering data given
as black solid circles. Dotted red, blue and black lines in the same
figure refer to Eq. (3) with current accepted values for nuclear a
and 7o parameters from n-n, p-p and n-p scatterings, respectively.
The residuals of the THM data about the fitting line are shown in
the bottom panel of Fig. 4 as black solid circles. The dashed black
lines in the panel are obtained accounting for the errors in the
fitting parameters. Residuals help to better visualize the good
quality of the fitting procedure, with all the points touching with
the error bars the dashed black lines.

Numbers from our results and current accepted values for
nuclear n-p, p-p and n-n scatterings (with upper case N) are

4

reported in Table 1 for a better comparison. The a% value is

taken from?>. It turns out that our extracted a,, value from the
quasi free p-p scattering, while disagreeing with aﬁg, barely agrees
within experimental errors with the world accepted af;;

sits closer to the al estimate. This observation deserves further
consideration. Despite being in a very low-energy region where
the interacting protons appear as point-like, the NN s-wave phase
shift § of eq. (2) contains all short range effects, including
the electromagnetic ones. This means that the present analysis of
the HOES cross section allows direct access to the short-range p-p
interaction as a whole, with its peculiar a,, and r, values. A
different comparison with the corresponding literature value
from the short range physics® would therefore be more
appropriate. Universal concepts can be exploited in this context
to better interpret the results. In fact, the suppression of Coulomb
effects places the p — p system to the same level as the n — p and
n — n systems, thus allowing to apply the concept of universal
window to perform a particular analysis of these low energy
parameters.

value, and

The universal window. The universal (or unitary) window is a
region characterized by the presence of a very shallow state with
energy close to threshold. At the same time the two-body scat-
tering length a reaches values close to infinity. When a is large,
the two-body shallow state can be real (a>0) or virtual (a<0)
with its energy governed by the scattering length, E = #2/ma?. Its
shallow character emerges by comparing its energy to a typical
energy of the system, #2/m¢?, where ¢ could be a typical length,
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for example the interaction range. When ¢/a <1, the system is
inside the unitary window. Notably, in this particular region,
universal behavior can be observed, the dynamics being largely
independent of the details of the interaction. It is dominated by
the long-range behavior allowing for a description based on few
parameters. Universal behavior can be observed in very different
systems as nuclear, atomic or hadron physics®. Nuclear physics
is a remarkable example; in the S=1 spin channel, the deuteron
binding energy is E = 2.22456 MeV, a value much smaller than
the typical nuclear energy #2/2mf?=10 MeV, where we have
estimated the interaction range £ =~ 1.4 fm. The S = 0 spin channel
is particularly interesting, with the very large (and negative) n — p
and n—n scattering lengths implying the existence of very
shallow virtual states. In the p —p case, the presence of the
Coulomb force slightly modifies this analysis. However, it is
possible to extract the corresponding scattering length and
effective range values as produced by the short-range interaction
only. In the paragraph “Effective Field Theory Concepts” of the
Methods section, an almost model independent procedure is
introduced to extract the low-energy parameters as produced by
the short-range physics. The procedure is based on the

60

50}
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Fig. 4 Results of the Bayesian fit on the Coulomb-free p-p scattering
cross section. Upper panel: Experimental quasi-free p-p scattering cross
section after removal of the residual Coulomb interaction (black solid circles).
Error bars indicate £ 16 uncertainties. The result of the fit using Eq. (3) is
shown as solid black line, while the dotted red, blue and black lines refer to
Eq. (3) for n-n, p-p and n-p scatterings, respectively, using current accepted
values for nuclear a and ro parameters. Lower panel: residuals of black solid
circles in the upper panel to the solid black line. The dashed black lines are
obtained accounting for the errors in the fitting parameters.

low-energy effective range expansion (Eq. (2)) and using the
S-matrix pole equation k cot § = ik, its extension to the imaginary
axis, k =ik, relates the shallow energy pole to the scattering
parameters:

1 1

17,

ag a 2ay’ @)
here E = h*x?/m = h’* /ma} defines the energy length ap. These
two equations, which are simultaneously verified inside the uni-
versal window, introduce a strict correlation (valid up to second
order) between the low-energy parameters allowing for an
effective description of the dynamics in terms of the long-range
physics. This will be achieved in the next section by using a two-
parameter potential, as for example a Gaussian, with the para-
meters fixed to match the long range behavior. To some extent
this treatment is equivalent to a next-to-leading order description
in the effective field theory framework. It should be pointed out
that Eq. (4) is verified when the shape parameters, i.e. those
parameters proportional to the k* and higher terms in the
effective range expansion, produce almost a negligible contribu-
tion. For example, using experimental values, in the case of the
S=1 channel, Eq. (4) is verified at the level of 0.1% whereas it is
even better verified in the S=0 case.

Effective description. Taking advantage of the properties of the
universal window, we develop a model to account for the short-
range interaction of the two protons. We start from observing
that literature values of the singlet effective range r, for pp, np and
nn are compatible with a single value around 2.8 fm. This
observation has guided the choice of the r, prior distribution in
the Bayesian fit and here is used to construct a two-parameter
Gaussian NN interaction with fixed range, valid for s-wave in the
spin singlet channel (see Methods section “Effective Field Theory
Concepts"),

2
Vi (r) = Ve /6 + eNTN, %)

with NN = nn, np, pp and eﬁp = ¢? and zero otherwise. By varying
the strength Vj, this interaction is well suited to characterize the
universal window in the region where the NN 01 systems are
located (see Methods section). Let us stress that the Gaussian
form selected to represent the short-range interaction is not
relevant, other choices are acceptable as well. Forms that in some
limit reduce to a contact interaction are equivalent for the pur-
pose of the present analysis. In fact, as discussed in recent times,
the low-energy dynamics of the two-nucleon system shows a large
independence of the interaction details®’. With reference thereto,
an exercise with the Argonne v NN potential?® used to produce
reference values is performed in the Methods section under
“Effective Field Theory Concepts” to show the advantages of
working in the universal window. Specifically, to characterize the
0" NN systems, we use a Gaussian range value of rg=1.85+
0.05fm. We first vary the strength V, to describe the experi-
mental a,,,,, a,, short-range values!?, given in the sixth column of

Table 1 Numbers of low energy parameters.

NN aN(fm) r (fm) aTHM(fm) rIHM (fm) as"(fm) rg (fm) Vo(MeV)
np —23.08+0.02 2.77 £0.05 —23.74£0.02 2.80+0.08 —29.90
pp —173+04 2.85+0.04 —18.17f8:gg fm 2.80+0.05 fm -17.6+0.4 2.85+0.09 —29.08
nn —189+0.4 2.75x01 —-18.6x0.4 2.85+0.08 —29.22

Current accepted values of a and ro parameters, (N superscript stands for “nuclear”) for n-p, p-p and n-n scattering compared with those obtained in this work (“THM" superscript). In the last three
columns, the values and the corresponding strength Vi, obtained with the Gaussian characterization are given. The sr superscript stands for “short-range” (nuclear + EM).
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Table 1, second and fourth row, as a;, and a;), respectively. Note

ST

ST
nn’ r

np
values close to the experimental data. The results for these
quantities and the corresponding strength V; are given in the last
two columns of Table 1, second and fourth row. In each case the
calculation has been done with the corresponding reduced mass.
To analyze the pp case, we consider the Coulomb interaction
and fix the strength V; to describe the experimental a,, value of
—7.8063(26) fm. Then, we calculate the corresponding value
without the Coulomb term obtaining —17.6 fm fairly similar to
the one from® calculated using the Paris potential. We consider
this value an estimate of the pp scattering length a, coming from

the short-range physics and quote in Table 1, sixth column, third
row. Moreover, considering a variation of the Gaussian range
r¢=1.85+0.05 fm we assign an error to the short-range pp
scattering length as ay, = —17.6 £ 0.4 fm. All theoretical uncer-

tainties reported in Table 1 have been calculated in this way.

It should be stressed that the value a;, = —17.6 + 0.4 fm results
from considering the short-range physics, nuclear and electro-
magnetic, as the Gaussian interaction captures the short-range
contributions. A comparison with the THM estimate is therefore
appropriate, providing agreement within experimental errors. It is
amazing how the simple concept of universality supports the
experimental result. The situation is illustrated in Fig. 5, in which
the different NN systems are located inside the universal window
in terms of the coordinates [x, y] = [ro/ap, ro/a] as given by the
above analysis. Interestingly, they lie on the curve y = x — 0.5x2
verifying the correlation imposed by Eq. (4). The 07 and 1tnp
systems are well determined by the corresponding experimental
values, and they have a precise position along the y(x) curve.
Conversely, the 07 nn and pp systems suffer from some historical
indetermination due to difficulties in the measurements (the nn
system) or, in the pp case, the model dependence introduced to
discriminate between the nuclear and the electromagnetic short-
range contributions. Using the property highlighted here that the
systems move along the universal curve, it is possible to reduce
the model dependence in the determination of the scattering
parameters as produced by the short-range part of the interaction
without discriminating between nuclear and electromagnetic.

A new paradigm is thus proposed: to address the problem of
charge symmetry breaking taking into account the short range
effects as a whole now that the first Coulomb-free p — p scattering
data at low energy are available. This would remove the largest

that using rg = 1.85 £ 0.05 fm, the effective ranges r take on
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Fig. 5 Predictions for the NN systems inside the universal window. The
positions of the NN systems on the universal curve as deduced from the
effective description are clearly displayed. Their coordinates [x, y]1 =[ro/

ag, ro/al are related to the scattering parameters produced by the short-

range physics.
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Fig. 6 Present a,, results in the context of recent literature. Present THM
apy value (black triangle) and ay; (filled red rectangle) and aj, (empty red
rectangle) from the Gaussian model, are compared with recent a,, (filled
symbols) and ap,, (empty symbols) estimates including electromagnetic
short-range effects. For the a,, values: blue triangle from2°, green square
from39, orange circle from3', red line (upper bound of —18.3 fm at the 95%
confidence level) from32, brown diamond from33, purple circle from34 and
pink triangle from3. For the a,, values: black circle for> and green square
for'0. Values from’:819 refer to a" values: orange downward triangle for!®,
red diamond for’, blue upward triangle for8. The horizontal light-blue and
light-purple bands display the uncertainty of the current accepted short-
range dy, and a,, values of —18.6 + 0.42 and —17.6 £ 0.4 fm®, respectively.
Light-green and light-pink bands refer to the current accepted a)y, and a},
values of —18.9+0.4 and —17.3+ 0.4 fm respectively'2.

part of systematic uncertainty in the nuclear a,, error budget?®.
To frame the result in the context of recent literature, we make
use of Fig. 6, similar to figure 1 of Ref. 2, where our newly
obtained a,,, experimental (filled black triangle) and a;;, (filled red
rectangle) and ay, (empty red rectangle) model values are
compared with recent a,, (filled symbols) and a,, (empty
symbols) “short-range” estimates. The a,,, values are represented
as blue triangle from?°, green square from3?, orange circle from3!,
red line (upper bound of —18.3 fm at the 95% confidence level)
from32, brown diamond from33, purple circle from3* and pink
triangle from®>. The a,, values are given as black circle from® and
green square from!0, Values from!® (empty orange downward
triangle),” (empty red diamond) and® (empty blue upward
triangle) refer to a;;. Light-blue and light-purple bands display
the uncertainty on the current accepted 4, and a,, short-range
values of —18.6 +0.42 and —17.6 + 0.4 fm® respectively, obtained
correcting the nuclear estimates for the electromagnetic effects.
Light-green and light-pink bands refer to the current accepted a,
and aj), values of —18.9+0.4 and —17.3 + 0.4 fm respectively'.
We can observe that while literature estimates generally show
large dispersion, our numbers appear more consistent with each
other.

An important outcome of this work is that we can confirm the
violation of the charge independence of nuclear forces, and
suggest a lower charge symmetry breaking of nuclear forces as
clearly displayed in Fig. 4.

Conclusions

We have exploited the quasi-free p-p scattering below 1 MeV
extracted from the 2H(p, pp)n reaction using the THM to obtain
the first experimental estimate of the Coulomb free 1S, p-p
scattering length and effective range. The success of our pivotal
procedure relies on a basic feature of the reaction, namely the
suppression of Coulomb effects in the extracted two-body cross
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section at sub-Coulomb energies, as well as on the concept of
universal window applicable to the NN system. Based on the idea
that the NN phase shift § in the conventional tool to analyze NN
scattering data at low energies contains all short range effects and
assisted by a model based on universality concepts that we have
developed to help interpret the results, we conclude that this
technique provides us with parameters to assess the charge
symmetry breaking of the short-range interaction as a whole. This
triggers the proposal of a new paradigm in the study of the charge
symmetry breaking, in line with the current understanding that,
at a fundamental level, the charge dependence of nuclear forces is
due to a difference between the masses of the up and down quark
and to electromagnetic interactions among the quarks.

Our results imply that the whole effect from the different up-
down quark masses and residual electromagnetic properties has a
smaller impact on the charge symmetry breaking, but still in the
direction to help solve the Nolen-Schiffer anomaly for light
nuclei!, provided that different sources contribute. For example,
binding energy differences are expected to receive more than 50%
of their contribution from NN partial waves beyond 15,112 and
can be partly explained with the inclusion of three-nucleon
interactions3%; within the quark-meson coupling model proposed
in%’, the difference between quark scalar densities in p and n
generates an effective n-p mass difference of the right magnitude
to add to the u-d quark mass difference.

Additional experimental and theoretical studies at low energies
are urgently called for to better constrain the current existing
models of charge symmetry breaking and Coulomb corrections
filling up our basic understanding of low-energy NN scattering. A
decisive experimental contribution would be a more precise
determination of a,,,. In this regard, the approach here presented
will play a key role in the next future and opens to the possibility
to access the n-n scattering cross section by measuring the quasi-
free n+d — n+ n + p reaction.

Methods

THM basic features. The THM has its background in the theory of direct
reactions and in particular in the studies of the QF reaction mechanisms!®17. It
is considered as a transfer to the continuum with the TH nucleus a that breaks
up into x, the transferred nucleus, and s, the spectator to the A(x,b)B reaction.
This process contributes to the cross section in the three-body phase space
where the momentum transfer to the spectator s is small. This is called QF
kinematics regime. As the transferred nucleus x is virtual, its energy and
momentum are not linked by the usual energy-momentum relation for a free
particle. This gives to the A(x,b)B reaction its half-off-the-energy-shell character.
The A + a relative motion takes place at an energy above the Coulomb barrier
ensuring that the transfer of particle x occurs inside the nuclear field of A
without undergoing Coulomb suppression or electron screening. However, the
A + x reaction takes place at sub-Coulomb relative energy E,, since the
excess of energy in the A + a relative motion is needed for the break-up of
the TH nucleus a = (x s). From energy and momentum conservation principles,
one obtains:

with m; and ?i, the mass and momentum of particle i, y;; = m; m;/(m; 4 m;) the
reduced mass of particles i and j (F=A+x=0b+B) and F, ;=m,+ m,—m,
the binding energy of clusters x and s inside a. E.,, can vary within a range
determined by the momentum of the spectator particle, p; and/or its emission
angle. As for p,, its values should not overcome the theoretical upper limit for
the relative momentum p,, between x and s (in the laboratory system
?“ = 7X = —_p>5) represented by the OES bound state wave number x,, =
\/2 B, . For the d=p @ n system, x,,=45.5 MeV/c, absolutely consistent
with the choice to select events with p, values lower than 20 MeV/c to determine
the HOES p — p scattering cross section in!314,

In PWIA, the three body reaction can be factorized into two terms and given by:

Fo

_— (7)
dQ,dQ, dE,

Po HOES
2 xA—bB

= ) 10608 - 575
clearly showing their close connection. In the equation, KF is a kinematical factor
containing the final state phase space factor and it is a function of the masses,
momenta, and angles of the outgoing particles!’; [¢(p,,)|? is the Fourier transform
of the radial wave function for the y(r) inter-cluster motion whose functional
dependence is fixed by xs system properties; d2o,, _,5/dE, ,, dQOE is the
HOES differential cross section for the binary A(x,b)B reaction at the E_,,, center of
mass energy.

A proof of validity of the PWIA and thus of the previous factorization is the
agreement between the shapes of the theoretical and experimental momentum
distributions of particle s. Refers to!>14 for further details. This agreement is a
proof of existence and dominance of the QF mechanism, and rules out within
experimental errors any contribution from higher order terms and three-body
forces. This result is consistent with the conclusions of38-40, where these
contributions have been investigated in various situations and energies. The THM
has been applied to several reactions of astrophysical interest. See*!~4° for recent
applications.

Effective field theory concepts. The interaction between nucleons is a residual
interaction of QCD in the low energy regime. In recent years, this interaction has
been obtained by a perturbative series using an Effective Field Theory (EFT) having
the symmetries of QCD. Extending this approach to describe the physics inside the
universal window, a model-independent description is given using an EFT based
on the separation of scales produced by the typical momentum of the system, of the
order of 1/a, and the underlying high momentum scale, of the order of 1/¢£. In
nuclear physics this approach is known as pionless-EFT!>. Its lowest orders are
equivalent to the effective range expansion of the s-wave phase shift given in Eq. (2)
of the main text.

It should be noticed that inside the universal window the effective range
expansion and its extension to describe the negative energy pole, Egs. (2) and (4),
introduce a strict correlation between the low energy parameters responsible for the
appearance of the universal behavior. When both equations are simultaneously
verified at a confident level the dynamics of two-body systems is highly
independent of the details of the particle interaction. This property can be exploited
to characterize the universal window by a general Gaussian potential?’:

V(r)= Voe_’z/'é7 8)

with 7 the inter-particle distance. For each system, the strength V, and the range r¢
are modulated in order to reproduce the experimental scattering length and the
effective range values. We can consider this potential a low-energy representation
of the two-particle interaction since it is able to accurately describe the low-energy
behavior of the system. In the present work, we exploit this characteristic to
estimate the p — p Coulomb-free scattering length.

To show how the universal concepts can be exploited in the present context, we
first illustrate the model independence of the procedure used in the present study.
To this aim, the scattering length and effective range values calculated using the

m, P’ Argonne v;3 NN potential?®, shown in Table 2 for the nn and pp case, are used as
em =1 m, Eqy— 2 reference values. The Argonne v, potential includes explicitly the electromagnetic
A F (6)  part vEM, This potential includes several contributions as vacuum polarization, two
+ PPy B , photon exchange and magnetic moment interactions. Moreover, its short-range
my + my part is regularized using dipole nucleon form factors. Accordingly, there are two
Table 2 The effect of electromagnetic terms. Low-energy parameters with and without the inclusion of the electromagnetic
terms for the two potential models indicated.
Argonne v;g w/o vEM Argonne vig w/o vEM
1a,,(fm) —18.487 -18.818 la,,(fm) -7.806 -17.164
T on(fm) 2.840 2.834 Tr,p(fm) 2.788 2.865
Gaussian w/o vEM Gaussian w/o vEM
1a,,(fm) —18.487 —18.89+0.02 Ta,p(fm) —7.806 —-17.19£0.03
Trpn(fm) 2.85+£0.07 2.83+£0.07 Tr,p(fm) 2.77+0.08 2.86+0.08

COMMUNICATIONS PHYSICS| (2023)6:106 | https://doi.org/10.1038/s42005-023-01221-0 | www.nature.com/commsphys 7


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01221-0

contributions to the short-range physics coming from the strong part of the AV18
interaction and from vEM, The electromagnetic effects usually are estimated by
calculating the zero-range parameters without including this part. These results are
shown in the third and sixth column of the table. We now use the Gaussian
potential, supplemented by including vEM, and fix the strength Vj, and range r¢ in
order to describe the corresponding Argonne v;g values. The quality of the
agreement is shown in the second and fourth columns where we have considered
Gaussian ranges inside the interval rg = 1.85 +0.05 fm. This variation on the
Gaussian range produces some variation on the 17,,, and lrpp values, as indicated in
the Table. Once the strength of the Gaussian potential is fixed, we can calculate the
corresponding zero-energy quantities without the inclusion of vEM. The results are
shown in the third and sixth column and, as we can see form the Table, the
Gaussian interaction reproduces the nuclear Argonne v, values (without including
vEM) within a 0.5% accuracy which is a remarkable result. So, using this simple
model we have shown that details to the specific form of the potential are not
important. The dynamics is governed by the long-range behavior, a manifestation
of universal behavior.

Bayesian analysis approach. Bayesian data-fitting is an approach to data analysis
based on Bayes theorem, where the background knowledge on the parameters of
the chosen model is updated with the information from the observed data%0. This
background knowledge is expressed as a prior distribution and combined with
observed data using a likelihood function to determine the posterior distribution.
Therefore, the Bayesian approach uses probability to describe what is known about
the parameters. In this framework, the posterior distribution function of the
parameters ©, given the data D, is given by the formula:
p(D|®)p(®)

peID) =" FE, ©
where p(D|®) is the likelihood function of the data D, given the parameters ©, p(®)
is the prior distribution function of ® and p(D) is the so-called model evidence,
which is a normalization factor usually neglected in the calculation since it is
difficult to compute. To sample the posterior distributions in real situations where
probabilistic inference is used, Markov Chain Monte Carlo (MCMC) methods are
usually applied. Indeed, MCMC methods can be used even without a full analytic
description of the aforementioned probability distributions and do not necessarily
require computing any process-intensive task such as calculating derivatives or
integrals of the function. Many of the MCMC applications use the
Metropolis-Hasting (M-H) method®” to generate the chain, however, this algo-
rithm is very sensitive to a set of “tuning” parameters, the number of which scales
with the square of the dimension of the parameters space. Several heuristic
methods have been developed to estimate these tuning parameters in a data-driven
fashion. In particular, we decided to use the emcee?® Python library which is based
on the algorithm described in?4 and has been thoroughly used in astrophysics.

Data availability

All relevant data are available from the corresponding author on reasonable request.
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