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separated, the contribution of 160 (typically 5 ~0) 
was subtracted on the basis of the back angle measure- 
ment of the same run. The beam current was adjusted 
such that the measured dead-time correction was 
always less than 3 %. 
The 11C target thickness was found to increase linearly 
with the accumulated amount  of beam-current which 
passed through the target. This increase could be 
ascribed to the wrinkling of the target foil and to beam- 
induced deposition of carbon. By repeating otherwise 
identical measurements at different times this increase 
was measured and applied as a correction (in the order 
of 5-10 %). All runs were normalized to the total 
number of beam particles through the target, measured 
as integrated charge in a Faraday cup. In this manner, 
relative cross-sections were obtained. 
Since the target thickness and the detector solid angles 
were not known accurately enough, we obtained an 
absolute calibration by comparing the measured 
p + 12C yield to the yield for elastic scattering of e- 
particles from the same target. The latter process 
was shown to be Rutherford scattering to better than 
99 ~o at the energies in question [8]. Therefore, the 
absolute cross-section for e-scattering is known with 
sufficient accuracy. This calibration was carried out 
at 1.0 and 2.0 MeV bombarding energy. The average 
charge state of the protons and the e-particles after 
passage through the target, needed for a normalization 
procedure which makes use of the integrated charge 
in the Faraday cup, was determined in a separate 
measurement. 
An independent check on the absolute calibration was 
performed by considering that near 460 keV the nuclear 
part of the scattering is almost entirely determined by 
the s-wave resonance corresponding to the J~= 1/2 + 
first excited state of 13N. In the absence of interfering 
background in any other partial wave it is easy to show 
that for any given scattering angle and energy the 
differential cross-section reaches a maximum for a 
certain s-wave phase-shift between 0 and ~. Since at a 
resonance the phase-shift increases by ~z, the cross- 
section must reach this maximum value which in turn 
corresponds to a maximum in the excitation functions 
in Figure 1. Thus, from an approximate resonant 
s-wave phase-shift the absolute value of the differential 
cross-section at this maximum can be calculated. If 
the phase-shift is not known accurately enough, the 
procedure can be iterated. A comparison with the 
experimental maximum value was found to yield a nor- 
malization compatible with that obtained by e-scat- 
tering. It should be pointed out that this technique 
in general provides a useful absolute calibration of 
differential cross-section measurements with charged 
particles near threshold if scattering in all but one 
partial waves is negligible. 
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Fig. 1. Elastic scattering differential cross-section vs. the laboratory 
bombarding energy between 0.3 and 0.6 MeV. The solid line cor- 
responds to the best fit parameters (Table 1) of an R-matrix analysis 

Besides the statistical uncertainty, the errors of the 
differential cross-section measurements contain (i) 
an error in the subtraction of the 160 contaminant 
contribution, if applicable, (ii) an error in the correc- 
tion for changes in target thickness, (iii) an uncertainty 
of the scattering angle caused by geometrical uncer- 
tainties or a left/right-shift of the beam in the scattering 
chamber, (iv) an error of the absolute normalization 
and (v) an error due to a beam energy uncertainty 
of _+0.5keV, which is important when the cross- 
section varies rapidly with bombarding energy. 
The contribution of proton elastic scattering from 
l ac  (1 ~0 abundance in natural carbon) was of the 
order of or less than the error described above and 
was therefore neglected. The final absolute differential 
cross-sections are displayed in Figures 1 and 2. Nume- 
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Fig. 2. Same as Figure 1 but between 0.6 and 2.0 MeV 
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rical values can be obtained from one of the authors 
upon request. 

3. Analysis 

The measured differential cross-sections were para- 
metrized in terms of a number of isolated levels in the 
compound nucleus. The R-matrix formalism was used 
to determine level parameters from the observables. 
The nuclear phase-shift 5t in a certain partial wave l 
is given [9] by 

6z=arcta n [E~ l +A~I-E]7~ ] -  arctan [Gz]r= a" (1) 

The evaluation of this expression (which is equi- 
valent to [9], p. 273, Eq. (1.19)) depends on the inter- 
action radius a and on the boundary condition Bz 
which are formal parameters of the R-matrix theory. 
The quantity Bt was chosen such that the level shift Ax~ 
([9], p. 322, Eq. ( l . l l  b)) vanishes at resonance so that 
the characteristic energy Ex~ becomes equal to the 
resonance energy ER~. The interaction radius a, the 
reduced width 72 and the resonance energy were 
treated as free parameters. Given the parameters of 
all the resonances which are to be included, 6z can be 
calculated as a function of energy for arbitrary angular 
momentum I. The scattering amplitudes and, hence, 
the observables are then obtained (e.g. Ref. 10). A 
computer code has been written to simultaneously 

fit all our experimental differential cross-sections by 
varying the parameters 72 and ERz of the first three 
resonances in p + a2C withj ~ = 1/2 +, 3/2- and 5/2 + and 
the interaction radius a. Also included in the calcula- 
tion, but not adjusted for best fit were the wide 3/2 + 
resonance near 6 MeV [11] and the 1/2- resonance 
at -2 .11 MeV. This latter resonance corresponds to 
the 13N ground-state. Although the experimental 
widths of bound-states vanish because the penetrability 
is zero, the corresponding reduced widths 72 still are 
finite. Negative energy states therefore appear in an 
R-matrix expansion completely analogous to reso- 
nances at physical energies. 
In this context arises the question what the reduced 
width of a negative energy resonance should be. In 
R-matrix theory the reduced width 72 is determined 
by the properties of the wave-function at the surface 
r=a .  Assuming that at r = a  the bound-state wave 
function ~(r) is given by its asymptotic form, we ob- 
tain 

r ~(r)=NW ,,z+{(2Kr) 

with (htc)2 =2#EB 

Zt Z2 e 2 
and r/=/a h2 K 

(for r=a) (2) 

Here, Wdenotes a Whittaker function, # is the reduced 
mass and E B the binding energy of the state. N is the 
asymptotic normalization of the single-particle wave- 
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低エネルギー核子散乱と反核子散乱の違い
● 弾性散乱以外の反応：対消滅 (  etc.) が支配的 

▷ cf. 荷電交換反応  の反応閾値は 98 MeV/c (5.1 MeV) 

● 強い吸収：   

● 断面積のエネルギー依存性は単調：狭い共鳴は存在しない

N̄N → multiple π′￼s

p̄p → n̄n

|V0 | ≲ |W0 | ∼ 𝒪(102) MeV
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ANTINUCLEON-NUCLEON AND ANTINUCLEON-NUCLEUS INTERACTION. ETC. 
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Fig. 1. - ~p cross-sections up to 15 GeV/c. Most reliable behaviours according to table II 
(upper figure) and contributions to the total cross-section from the different processes 
(lower figure). The o-t line between 1 and 5 GeV/c is the extrapolation of eq. (1) in table II 
obtained by fitting data above 5 GeV/c; the experimental points (o) are taken from [Bald 88]. 
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Fig. 2 . -  ~p cross-sections in the interval 200-900 MeV/c. Most reliable behaviours 
according to table II (upper figure) and contributions of the differei~t cross-sections to the 
total one (in percentage, lower figure). 
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Executive Summary (1)

● We propose to construct a new beamline at CERN-AD for 
antineutrons with unprecedented low energies (p=9MeV/c, E=40keV) 

● Physics cases: 
▷ antineutron–proton (np̅) scattering ⇒ isospin-1 NN̅ interaction 

▷ antineutron–nucleus (nA̅) scattering ⇒ antineutron–nucleus interaction 

● References: 
▷ A. Filippi, HF, T. Higuchi, L. Venturelli, arXiv:2503.06972 [nucl-ex] 
▷ C. Amsler et al., Letter of Intent, CERN-SPSC-2025-010, SPSC-I-261 (May 2025) 
▷ HF and T. Higuchi, Prog. Theor. Exp. Phys. 2026, 023C01 (2026)
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Overview

6

antineutron—proton system antineutron—nucleus system

scattering length: an̄p scattering length: an̄A

scattering theory (s-wave) σel ≈ 4π |a |2 (1 − 2aIk)

σann ≈
4π
k

aI − 8πa2
I

NN̅ interaction models

comparison

low-energy is the key 
for the evaluation of  
scattering lengths!

antineutron-nucleus 
optical potential 

U(r) = V(r) − iW(r)
cf. antiproton-nucleus scattering, 
antiprotonic atom spectroscopy

Fermi pseudopotential for 
ultracold antineutrons 

Un̄ =
2πℏ2

m
N

A + 1
A

an̄A

“ultracold” < 200 neV

n-n ̅oscillation search

input

hadron physics BSM physics

cf. antiproton-proton scattering, 
protonium (antiproton-proton bound system)

ℓ = R ⋅ p < ℏ/2
R~(nuclear size)<10 fm 
p~9 MeV/c

cross-section measurements: σel, σann, σtot



Executive Summary (2)

● The ASACUSA experiment at CERN-AD plans to measure antiproton-nucleus 
cross sections at 100 keV (~14 MeV/c) in near future. 

● Physics cases: 
▷ antiproton–nucleus (pA̅) scattering ⇒ antiproton–nucleus interaction 

▷ prospect: antiproton–proton (pp̅) scattering using carbon and CH2 targets 
● References: 
▷ H. Aghai-Khozani et al., Nucl. Phys. A 970, 366 (2018) @ 5.3 MeV 
▷ H. Aghai-Khozani et al., Nucl. Phys. A 1009, 122170 (2021) @ 125 keV
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NN interaction and NN̅ interaction
● One-boson-exchange models 
▷  

 
 

▷ The short-range part is replaced by an annihilation potential  
▌ NN Paris potential → NN̅ Paris potential 
▌ Dover-Richard, Kohno-Weise, … :Woods–Saxon-type annihilation potential  

● Partial Wave Analysis [PRC 86 (2012) 044003] 
● Chiral EFT [up to N3LO, JHEP 07(2017) 078] 
● no Lattice QCD calculation 
● All these approaches rely on experimental data, that are more than three decades old.

VNN = Vπ + V2π + Vη + Vρ + Vω + ⋯

VNN̄ = − Vπ + V2π + Vη + Vρ − Vω + ⋯

V0 + iW0

8

G-parity transformation



NN̅ optical potential and phase shift
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not only faced to a bad “quality of data”, but to a total lack
of experimental results.

As far as we will not have at our disposal a reliable deter-
mination of the N̄N strong phase shifts for the lowest partial
waves, would they be limited to a restricted energy domain
of few tens of MeV, any prediction concerning more com-
plex systems, like those of interest in PUMA project, could
be strongly model dependent.
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Appendix A: Potentials in configuration space

Although not being observable we believe it could be instruc-
tive to compare the potentials of the different models in a
given partial wave. The Jülich model being in momentum
space and non local is not included. The Paris potential is
E-dependent and, except for the tensor-coupled states, we
selected some positive and negative arbitrary values of E .
For the NPWA, the inner part corresponds to the square well
defining the boundary conditions at r = 1.2 fm. Beyond this
value it is continued with the one- plus two-pion (N2LO)
exchange potentials.

As one can see in the following figures, the N̄N potentials
exhibit quite dramatic differences, making even difficult to
asses wether the N̄N interaction in a given PW is attractive
or repulsive. This is in sharp contrast with the NN case.

1S 0

This partial wave is globally attractive in both isospins for all
models, and much stronger than for the NN case, specially
in T = 1. However in the NPWA, there is no any need of
short-range attraction in T = 0. Paris potential presents two
peculiar differences with respect to the other potentials: the
strong short range repulsion, claimed to be imposed by phe-
nomenology, and the repulsive peak at 1 fm, which cannot
be justified in terms of pion- or omega-exchanges since they
are shared by all models (see Fig. 15).

Fig. 15 Real parts of 1S 0 potentials for both isospins (T)

Fig. 16 Real parts of 3S 1 and 3 D 1 potentials for both isospins (T)

3SD 1

The S-wave tensor-coupled state presents also some striking
differences: the 13S 1 potentials are strongly attractive wells,
going from 500 MeV to several GeV depth, while the NPWA
is limited to 130 MeV. V33S1

is also deeply attractive in all
models but turns to be slightly repulsive (! 50 MeV)in the
NPWA.

The 3S 1 →3 D 1 transition potentials have in common
that they are all very strong but they display also sizeable
differences. Notice that in the DR and KW models the cou-
plings dont vanish in the limit r → 0, what spoils the usual
r L+1 behaviour of the (reduced) radial wave functions (see
Figs. 16, 17).

1P 1

Apart form the centrifugal barrier, this potential is very close
to the 1S 0 one in all models. Their difference is due to the,
attractive, Quadratic Spin-Orbit term (Q12), present in Paris
and DR2 models but absent in KW. In the short range part
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NN̅ optical potential and phase shift
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Fig. 3 3SD 1 N̄N bare phase shifts and inelasticities (upper panel) and mixing parameters (lower panel), as functions of the N̄ laboratory momenta

Fig. 4 1P 1 N̄N scattering phase shifts as functions of the N̄ laboratory momenta. We use the same conventions as in Fig. 2
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Fig. 2 N̄N 1S 0 scattering phase shifts (degres) as functions of the N̄ laboratory momenta and for different optical models. Left panel for T = 0
state (11S 0) and right one for T = 1 (31S 0). Solid lines correspond to the real part δR and dashed lines to the (positive) imaginary part δI

Table 2 S-wave N̄N low energy parameters (in fm) for the considered
optical models: Jülich results are taken from Table 3 of Ref. [12], KW
and DR2 from [20], Paris 2009 have been recomputed and are in agree-
ment with [46]. The values of Nijmegen are obtained by extrapolating
the phase shifts from Figs. 2 and3

a0 r0 a0 r0
T = 0 11S 0

13 SD 1

Nijm* –0.17 -1.01i –6.9-2.9 i – –

Jülich –0.21 –1.23i – 1.42-0.88i –

Paris 09 1.27 –1.18i –0.53+0.14i 1.20–0.80i –

KW –0.03–1.35i –4.7–7.9i 1.23–0.77i –

DR2 0.10 –1.07i –11–6.2i 1.28–0.78i –

T = 1 31 S 0
33SD 1

Nijm* 1.02 –0.60i 0.7–1.2i – –

Jülich 1.05 –0.58i – 0.44–0.96i –

Paris 09 0.76 –0.56i 0.9–3.9i 0.61–0.44i –

KW 1.07 –0.62i 0.7–1.9i 0.78–0.80i –

DR2 1.20 –0.57i 0.6–1.6i 0.89–0.71i –

been used to disentangle the different models: black for the
NPW, blue for KW, red for Paris-2009. As one can see, there
are major differences between them, specially in δR , which
deserve some comments.

For T = 0 state (left panel), the real phase shifts of KW and
DR models are close to the NPWA ones up to pLab ! 700
MeV/c and they both depart dramatically from the Paris-2009
starting at very low energy. We recall the reader that the slope
of the phase shift at the origin is the scattering length since
δα(q) ! −aαq where q is the center of mass momentum,
related to pLab by pLab = 2q. This difference could be due to
the fact that Paris potential has a near-threshold quasi-bound
state in this channel, absent in KW and Jülich interactions.
Its binding energy was E = −4.8to26i MeV in Ref. [21]. By
using two independent methods, we confirm this state with

a slightly different energy E = −10.2to23.2i MeV. As we
will see in next subsection, the existence of this quasi-bound
state is supported by a different sign in the corresponding
scattering lengths (see Table 2). In this respect, a similar
quasi-bound state is also present in DR2 model with E =
−138 − 320i MeV, much deeper in energy and leaving no
trace in the scattering region.

It is worth emphasizing, however, that there is no univo-
cal relationship between the sign of the scattering length (real
part) and the existence of bound states. For real potentials,
the positive sign can be either a consequence of a repulsive
interaction or of an attractive interaction having one (or sev-
eral) bound states. The negative sign indicates always the
existence of an attraction but tells us nothing about the exis-
tence or non-existence of a bound state, which will actually
depend on the strength of the attraction. The situation is even
more delicate when using complex potentials and additional
informations are required to draw consistent conclusions.

In particular, we would like to notice that the very exis-
tence of a quasi-nuclear state in the 1S 0 N̄N state appears as a
consequence of the sign of the measured p̄p scattering length
[40]. It was shown (See Figure 7 of this reference) that for
weak (and attractive) p̄p interactions – i.e. using large values
of the cutoff radius, rc > 1.7 fm – the sign of Re [ap p̄] scatter-
ing length is negative. It becomes positive – and in agreement
with experiment – only when, by decreasing rc, the interac-
tion is strong enough to create the first p̄p bound state. The
ap p̄ involves however both isospin components and, from
this single quantity, it is not possible to conclude in which of
the component it appears. Notice also that the properties of
such states, in particular their width, strongly depend on the
annihilation dynamics. When using short range annihilation
potential, as in Paris potential and in some coupled-channel
unitary models (UCCM), the widths are much smaller than
when using annihilation potentials type Eq. (14), as in DR2,
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given isospin T . They are regularized below some distance
rc (rc = 0.84 fm or rc = 1.0 fm) by a cubic polynomial, whose
coefficients introduce adjustable parameters. All together
this gives nine parameters for each isospin. The annihila-
tion potential W , derived in [26], is purely imaginary and
has a similar spin structure as the real part. It depends on six
parameters for each T . A particularity of the Paris potential is
the short range character of W (ra = 1/2mN ! 0.1 fm). The
total number of parameters of the model is ! 30 and that
ensures a fairly good description (χ2/datum ! 5) of most
of the existing data, without any selection criteria, including
differential cross sections and polarization observables.

In Dover and Richard models–DR1 version [22] and DR2
version [23]– U is taken from a simplified version of the
NN Paris potential [30] containing π, 2π and ω regularized
below rc = 0.8 fm. DR models were adjusted to reproduce
some analytic parametrisations of the total, elastic, charge-
exchange and annihilation experimental integrated cross sec-
tions in the range 0.4 < pLab < 0.9 GeV/c with a χ2 /data !
0.5 for DR1. In addition to rc, there are only four parameters
which control the annihilation potential W .

In Kohno-Weise model [24], U is taken from the NN
Ueda potential [32] with π, ρ,ω, σ meson contributions,
regularized below rc = 1 fm by a C1 matching to a Woods–
Saxon potential. As for DR, the parameters come only from
W and are adjusted to reproduce the p̄p total (σt ), elastic
(σe) and charge exchange ( σce) cross sections in the region
200 < pLab < 700 MeV/c. In this way this model provides
a good description of the forward p̄p elastic differential cross
sections at pLab = 400, 500, 600 MeV/c, and p̄p elastic dif-
ferential cross sections at pLab = 390, 490, 590 MeV/c as
well as of differential ce at 490 and 590 MeV/c. No χ2 is
given in this analysis.

In DR and KW models, the annihilation potential W is
local, energy- and state-independent. It has the common form

W (r) = − W0

1 + e
r−R
a

(14)

with the parameters given in Table 1.
These three optical models differ by their meson contents,

the value of the cut-off radius rc, the regularization procedure
as well as by their annihilation potentials. They generate the
very different potentials presented in “Appendix A: Poten-
tials in configuration space”. As an illustrative example, let us

Table 1 Parameters of the Dover-Richard (DR1 and DR2 versions) and
Khono–Weise (KW) N̄N optical models

DR1 DR2 KW

W 0 (GeV) 21 + 20i 0.5 + 0.5i 1.2i

R (fm) 0 0.8 0.55

a (fm) 0.2 0.2 0.2

Fig. 1 Integrated strong N̄N cross sections – elastic σe (black), anni-
hilation σa (red ), charge-exchange σce (green) and their sum σt (blue)
– as functions of the N̄ laboratory momenta for DR2 (dashed dotted
line), KW (dashed line) and Paris 2009 (solid line) optical models. The
results of the Nijmegen Partial Wave analysis [7] are indicated by filled
circles

consider Appendix Fig. 15 from this Appendix, correspond-
ing to the real part of the 11S 0 potentials. They have in
common a strong attraction (200–400 MeV at r = 0.8 fm) in
T = 0 channel, which seems not required by the NPWA. On
the other hand, the Paris potential displays a strong repul-
sion below r ! 0.6 fm as well as a repulsive barrier at
r ! 1 fm that are absent in the other models. Despite of that,
they provide quite similar results for the integrated elastic
(σe), annihilation (σa) and charge exchange (σce) cross sec-
tions. This can be seen in Fig. 1, where the integrated strong
cross sections of these three models (together with their sum
σt = σe + σa + σce) are compared to each other as well as
to the NPW results [7]. The same agreement was observed
in the protonium S- P- and D- level shifts and widths as
well as for the strong and p̄p scattering lengths (see Refs.
[19,20,23,33]). However, no comparison has been done at
the level of phase-shifts.

For the three considered models, Paris 2009, DR2 and
KW, we have computed the S-matrix in the energy range
0 < pLab < 1000 MeV/c and for each PW state. We have
extracted the S-matrix real parameters and compared them
with the results of the Nijmegen PW analysis (Tabs VII–
IX–X from Ref. [7]). The comparison with Jülich potential,
adjusted to reproduce the former, would be redundant except
for the low energy parameters that were not given in the
NPWA [7] and that have been included in our discussion.

For the uncoupled states, the N̄N S-matrix is determined
by a complex phase shift δC = δR + iδI whose (positive)
imaginary part δI is unambiguously defined by the modu-
lus of the S-matrix, the inelasticity parameter 0 < η < 1,
according to
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Fig. 2 N̄N 1S 0 scattering phase shifts (degres) as functions of the N̄ laboratory momenta and for different optical models. Left panel for T = 0
state (11S 0) and right one for T = 1 (31S 0). Solid lines correspond to the real part δR and dashed lines to the (positive) imaginary part δI

Table 2 S-wave N̄N low energy parameters (in fm) for the considered
optical models: Jülich results are taken from Table 3 of Ref. [12], KW
and DR2 from [20], Paris 2009 have been recomputed and are in agree-
ment with [46]. The values of Nijmegen are obtained by extrapolating
the phase shifts from Figs. 2 and3

a0 r0 a0 r0
T = 0 11S 0

13 SD 1

Nijm* –0.17 -1.01i –6.9-2.9 i – –

Jülich –0.21 –1.23i – 1.42-0.88i –

Paris 09 1.27 –1.18i –0.53+0.14i 1.20–0.80i –

KW –0.03–1.35i –4.7–7.9i 1.23–0.77i –

DR2 0.10 –1.07i –11–6.2i 1.28–0.78i –

T = 1 31 S 0
33SD 1

Nijm* 1.02 –0.60i 0.7–1.2i – –

Jülich 1.05 –0.58i – 0.44–0.96i –

Paris 09 0.76 –0.56i 0.9–3.9i 0.61–0.44i –

KW 1.07 –0.62i 0.7–1.9i 0.78–0.80i –

DR2 1.20 –0.57i 0.6–1.6i 0.89–0.71i –

been used to disentangle the different models: black for the
NPW, blue for KW, red for Paris-2009. As one can see, there
are major differences between them, specially in δR , which
deserve some comments.

For T = 0 state (left panel), the real phase shifts of KW and
DR models are close to the NPWA ones up to pLab ! 700
MeV/c and they both depart dramatically from the Paris-2009
starting at very low energy. We recall the reader that the slope
of the phase shift at the origin is the scattering length since
δα(q) ! −aαq where q is the center of mass momentum,
related to pLab by pLab = 2q. This difference could be due to
the fact that Paris potential has a near-threshold quasi-bound
state in this channel, absent in KW and Jülich interactions.
Its binding energy was E = −4.8to26i MeV in Ref. [21]. By
using two independent methods, we confirm this state with

a slightly different energy E = −10.2to23.2i MeV. As we
will see in next subsection, the existence of this quasi-bound
state is supported by a different sign in the corresponding
scattering lengths (see Table 2). In this respect, a similar
quasi-bound state is also present in DR2 model with E =
−138 − 320i MeV, much deeper in energy and leaving no
trace in the scattering region.

It is worth emphasizing, however, that there is no univo-
cal relationship between the sign of the scattering length (real
part) and the existence of bound states. For real potentials,
the positive sign can be either a consequence of a repulsive
interaction or of an attractive interaction having one (or sev-
eral) bound states. The negative sign indicates always the
existence of an attraction but tells us nothing about the exis-
tence or non-existence of a bound state, which will actually
depend on the strength of the attraction. The situation is even
more delicate when using complex potentials and additional
informations are required to draw consistent conclusions.

In particular, we would like to notice that the very exis-
tence of a quasi-nuclear state in the 1S 0 N̄N state appears as a
consequence of the sign of the measured p̄p scattering length
[40]. It was shown (See Figure 7 of this reference) that for
weak (and attractive) p̄p interactions – i.e. using large values
of the cutoff radius, rc > 1.7 fm – the sign of Re [ap p̄] scatter-
ing length is negative. It becomes positive – and in agreement
with experiment – only when, by decreasing rc, the interac-
tion is strong enough to create the first p̄p bound state. The
ap p̄ involves however both isospin components and, from
this single quantity, it is not possible to conclude in which of
the component it appears. Notice also that the properties of
such states, in particular their width, strongly depend on the
annihilation dynamics. When using short range annihilation
potential, as in Paris potential and in some coupled-channel
unitary models (UCCM), the widths are much smaller than
when using annihilation potentials type Eq. (14), as in DR2,
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TABLE III. Reference table of antiproton-proton scattering data with p lab ! 923 MeV/c. The asterisks in the leftmost column indicate
the data sets that were not included in Ref. [23], because the data are more recent or because the values of the data points were not
available. The meanings of the superscripts in the heading and the comments in the rightmost column are given at the end of the
table.

plab No.,a Norm Predicted Rejectedd Ref. Comment
(MeV/c) typeb χ 2

min error (%)v normc

119.0–923.0 50 σce 46.5 4 1.058 !385.0, #=8; 468.0 [45] k,m

176.8–396.1 5 σann 9.4 4.4 0.949 176.8 [46]
181.0 46 dσel – 5 – All [47,48] j,l,o

183.0 13 dσce 13.3 5 1.002 0.940,−0.170,−0.574 [49]
194.8 19 dσel – 4 – All [50] f,i,o

200.0–588.2 48 σann 52.5 2.2 0.989 [46,51]
221.9–413.2 45 σtot 55.3 ∞ 0.961 221.9, 229.6, 254.9, 260.8,

280.3, 289.1, 394.2, Norm [52]
233.0 54 dσel – 5 – All [53] f,j

239.2 20 dσel 16.0 4 1.077 −0.950 [50] o

272.0 65 dσel 61.8 5 1.005 [53] j

276.0–922.0 21 σce 26.2 7.5 1.098 [54] m

276.9 20 dσel 20.9 4 1.027 [50] o

287.0 54 dσel – 5 – All [47,48] j,l,o

287.0 14 dσce 29.6 5 1.144 [49]
310.4 20 dσel 30.6 4 1.024 [50] o

340.9 20 dσel 23.3 4 1.033 −0.950, −0.850 [50] o

348.7 38 dσel 40.9 4 0.973 [55] i,o

353.3 119 dσel 117.6 5 1.007 0.366 [56] j,o

355.0–923.0 36 σtot – 1.5 – All [57] e,m

359.0–652.0* 11 dσel – 2 – All [58] t

369.1 19 dσel 16.0 4 1.015 0.550 [50] i,o

374.0 39 dσel 27.8 5 1.040 [59] o

388.0–598.6 29 σtot 35.2 ∞ 0.964 504.8, Norm [60]
392.4 19 dσel – 5 – All [61] l

392.4 15 dσce 8.6 5(6.4) 1.103 0.985, 0.954, 0.244, 0.099,
−0.059, −0.239, −0.616 [62] w

395.9–737.4* 28 σtot 19.4 0.8 1.007 737.4 [63,64]
404.3 38 dσel 36.3 4 0.974 [55] i,o

406.0–922.0 30 dσel 29.9 ∞ 0.757 Norm [65] h,n

406.0 119 dσel 100.5 5 1.002 0.991, 0.750, 0.579 [56] j,o

411.2 38 dσel 33.0 5 0.998 −0.875, −0.925 [59] i,o

413.4 7 dσel 4.5 5 1.043 0.992 [66] j,o

424.5 7 dσel – 5 – All [66] e,j,o

428.0 10 dσce 9.6 20 1.170 [67]
435.8 7 dσel 1.2 5 1.007 0.992 [66] j,o

439.0 27 dσel – 10 – All [68] l

439.0 24 Ay,el 36.0 ∞ 1.579 [68] g,o

439.9 39 dσel 40.8 5 1.006 [59] o

440.8 38 dσel 48.7 5 1.024 0.725 [59] s,o

444.1 38 dσel 48.2 4 0.967 −0.875 [55] i,o

446.0 119 dσel 115.7 5 0.998 [56] j,o

447.1 7 dσel 6.1 5 1.038 0.992 [66] j,j,o

458.3 8 dσel 2.2 5 0.986 0.996 [66] j,o

467.5 39 dσel 31.3 4 1.019 −0.925 [55] i,o

467.8 39 dσel 23.5 5 1.033 [59] o

469.2 8 dσel 8.0 5 1.004 0.996 [66] j,o

479.3 119 dσel 109.5 5 0.982 0.919, 0.873, 0.697 [56] j,o

480.0 10 dσce 10.1 ∞ 1.113 [69] g

481.2 8 dσel 6.5 5 1.037 0.996 [66] j,o
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FIG. 2. (Color online) Total cross sections and total annihilation
cross sections as functions of antiproton laboratory momentum. The
PWA fit has for Brückner et al. [46,51] χ 2

min = 9.4 for 4 points σann and
χ 2

min = 52.5 for 48 points σann; for Nakamura et al. [64] χ 2
min = 19.4

for 27 points σtot; for Clough et al. [60] χ 2
min = 35.2 for 28 points σtot;

for Bugg et al. [52] χ 2
min = 55.3 for 38 points σtot.

scattering amplitude on the spin-singlet, spin-triplet basis, all
the observables can be calculated [33].

III. THE BOUNDARY CONDITION APPROACH

The coupled-channels Schrödinger equation [Eq. (1)] is
solved with a boundary condition at a radius r = b for each
energy and for each partial wave. The fit to the data is not very
sensitive to the exact value of b, but in our case an optimal value
b = 1.2 fm was found. For the specific form of the partial-wave
boundary condition we define the P matrix [34,35] by

P J = b

[
(#J )−1

(
d#J

dr

)]

r=b

, (13)
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FIG. 3. (Color online) Total charge-exchange cross sections σce

as functions of antiproton laboratory momentum. The PWA fit has for
Alston-Garnjost et al. [54] χ 2

min = 26.2 for 21 points; for Hamilton
et al. [45] χ 2

min = 46.5 for 41 points.

where #J (r) is the radial wave function. The P matrix
parametrizes the complicated short-range interaction of the pp
system. The coupling of the pp and nn channels to the mesonic
annihilation channels is taken into account by a complex P
matrix.

The P matrix is a powerful tool in a PWA, because it pro-
vides the separation between the long-range interaction, which
is relatively model independent and taken into account exactly
in the Schrödinger equation, and the short-range interaction,
which is essentially unknown and parametrized completely
phenomenologically. The long-range interactions cause the
rapid energy dependence of the scattering amplitudes, while
the short-range interactions result in slow energy variations.
The results, for that reason, do not depend on the details of
the short-range interactions. We therefore choose a simple
parametrization for the P matrix, which corresponds to a
state-dependent, that is, spin- and isospin-dependent, short-
range optical potential. We assume that the interaction in each
partial wave can be parametrized by a complex spherical well,
the depth of which is different for elastic and charge-exchange
scattering, that is, for I = 0 and I = 1. For a single-channel
partial wave with orbital angular momentum $, isospin I , and
with the spherical well VI + iWI , the P matrix is given by

P$ = p′b J ′
$(p′b)/J$(p′b), (14)

where J$(ρ) = ρj$(ρ) and p′2 = p2 − M(VI + iWI ), where
M = (Mp + Mn)/2.

The P matrix is calculated on the isospin basis and then
transformed to the physical particle basis with the channels
pp, nn. For the uncoupled partial waves with $ = J , s = 0, 1,
or $ = 1, J = 0, it is therefore a 2 × 2 matrix. For the partial
waves with $ = J ± 1 (J ! 1), s = 1, coupled by the tensor
force, we introduce for each value of the isospin I an additional
mixing angle θIJ between the partial waves with $ = J − 1 and
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FIG. 4. (Color online) Elastic differential cross sections dσ/d' at
backward angle cos θ = −0.994 as functions of antiproton laboratory
momentum. The PWA result is given by the red line and the dotted
blue lines indicate the 1σ uncertainty region. The fit has for Alston-
Garnjost et al. [65] χ 2

min = 29.9 for 30 points.
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TABLE III. (Continued.)

plab No.,a Norm Predicted Rejectedd Ref. Comment
(MeV/c) typeb χ 2

min error (%)v normc

875.0* 9 Dyy,ce 5.1 – – [74,88] q

875.0* 5 Kyy,ce 5.9 – – [89] q

886.0 34 dσel – ∞ – All [71] h,l

886.0 34 Ay,el 34.1 4.5 1.023 [70,71]
886.0 1 Dyy,el 1.5 – – [79] q

910.0 19 dσel – ∞ – All [90] f,g

910.0 21 Ay,el 12.9 5 0.990 [90]

aThe number includes all published data, except those given as 0.0 ± 0.0 (see Comment i), and those having plab > 923 MeV/c (see
Comment m).
bThe subscripts el and ce denote observables in the elastic pp → pp and charge-exchange pp → nn reactions, respectively. dσ denotes a
differential cross section dσ/d#, Ay a polarization-type datum (asymmetry or analyzing power), Dyy a depolarization type datum, and Kyy

a spin-transfer type datum. σtot stands for total cross section, σann for total annihilation cross section, and σce for total charge-exchange cross
section.
cNormalization, predicted by the analysis, with which the experimental values should be multiplied before comparison with the theoretical
values.
dTabulated is plab in MeV/c, cos θ , “Norm” or “All.” The notation “!385.0, #=8,” for example, means that the 8 points with plab !385.0
MeV/c are rejected. The “Norm” means that the given normalization is rejected and a floated normalization is used instead. The “All” means
that all of the data points in this set are rejected.
eGroup rejected due to improbable low χ 2

min.
fGroup rejected due to improbable high χ 2

min.
gFloated normalization. Data are relative only.
hNormalization floated by us, because the norm contributes much more than 9 to χ2

min.
iData points given as 0.0 ± 0.0 not included.
jCoulomb-nuclear interference measurement. Data points in the extreme forward angular region are rejected when they contain multiple-
scattering effects.
kData points at low momenta rejected.
lProblematic differential cross sections. Not included in the database. For detailed explanation, see Sec. VIII B and Tables II and III of Ref. [23].
mPart of a group of data with points having plab > 923 MeV/c.
nElastic differential cross sections as a function of momentum taken at backward angle cos θ = −0.994.
oNormalization error assumed by us, because no clear number is stated in the reference.
pDepolarization data. Not included in the fit, in view of the large error bars.
qNormalization error taken to be zero, in view of the large error bars of these data.
rData points taken at the same angles averaged.
sData taken from the web site http://hepdata.cedar.ac.uk.
tData not available.
uThe momentum is the average of 700 and 760 MeV/c.
vNormalization errors as used in the fitting, as deduced from the experimental articles; when not explicitly given, a reasonable value was
assumed by us.
wThe x(y) notation means that x% is the overall normalization error and y% is the point-to-point systematic error.

amplitude for the strong interaction in the presence of the
Coulomb and magnetic-moment interactions. The matrix
elements of MC(θ ) for pp scattering are given by

〈s ′m′|MC(θ )|s m〉

= −δss ′δmm′
η

p(1 − cos θ )
e−iη ln 1

2 (1−cos θ)+2iσ0

= −δss ′δmm′
η

2p

e2iσ0

(
sin2 1

2θ
)1+iη

. (11)

The matrix elements MC
C+MM (θ ) of the magnetic-moment

interaction are calculated in a Coulomb distorted-wave Born
approximation [23,32]. The partial-wave decomposition of the

nuclear scattering amplitude is given by

〈s ′m′a′|MC+MM
C+MM+N (θ )|s m a〉

=
∑

' '′J

√
4π (2' + 1) i'−'′

C'
0

s
m

J
m C'′

m−m′
s ′

m′
J
m Y '′

m−m′(θ )

×〈'′s ′a′|S1/2
C

(
SC

C+MM

)1/2 (
SC+MM

C+MM+N − 1
)

×
(
SC

C+MM

)1/2
S

1/2
C |' s a〉/(2ipa), (12)

where a denotes the channel pp or nn. Because SC+MM
C+MM+N

is difficult to calculate, it is approximated by SC+MM
C+MM+N (

SC
C+N , where SC

C+N is the S matrix for the strong interac-
tion in the presence of the Coulomb interaction. From the
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Figure 1. Relevant diagrams up-to-and-including N3LO. Solid and dashed lines denote antinu-
cleons/nucleons and pions, respectively. The square and diamond symbolize contact vertices with
two and four derivatives, respectively. The dots denote a leading πN vertex, while the filled circle
and the ring symbolize subleading and sub-subleading πN vertices, respectively. Q denotes a small
parameter (external momentum and/or pion mass). From the iterated diagrams at NLO and N3LO,
only the irreducible contribution is part of the potential.

structure of the N̄N interaction is practically identical to the one for NN scattering, the

potential given in ref. [38] can be adapted straightforwardly for the N̄N case. However,

for the ease of the reader and also for defining our potential uniquely we summarize the

essential features below and we also provide explicit expressions in appendix A.

2.1 Pion-exchange contributions

The one-pion exchange potential is given by

V1π(q) =

(
gA
2Fπ

)2 (
1− p2 + p′2

2m2

)
τ 1 · τ 2

σ1 · qσ2 · q
q2 +M2

π
, (2.1)

where q = p′−p is the transferred momentum defined in terms of the final (p′) and initial

(p) center-of-mass momenta of the baryons (nucleon or antinucleon). Mπ and m denote

the pion and antinucleon/nucleon mass, respectively. In our initial study [42] relativistic
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Figure 9. Total (σtot) and integrated elastic (σel), charge-exchange (σcex), and annihilation (σann)
cross sections for p̄p scattering. The filled circles represent the solution of the p̄p PWA [32]. Data
are taken from refs. [69–72] (σtot), [73–75] (σann), [76–78] (σcex), and [79–81] (σel).

the interactions in the corresponding isospin channels. This concerns, in particular, the

contribution from one-pion exchange and because of that we have included relativistic cor-

rections already at leading order, see eq. (2.1). Without those corrections to the longest

ranged part of the potential convergence in the charge-exchange cross section at higher

momenta is noticeably slower, as we confirmed by an explicit calculation. Note that there

are inconsistencies in the charge-exchange measurements at low energies and some of the

data in question have not been taken into account in the PWA, cf. table III in [32]. Con-

sidering the bands presenting the estimate of the uncertainty, one can see that there is a

clear convergence of our results for all cross sections when going to higher orders. Finally,

as a further demonstration of the quality of our N3LO results we summarize partial-wave

cross sections for p̄p elastic and charge-exchange scatting in table 2. Obviously, there is

nice agreement with the values from the PWA for basically all S- and P -waves.

Differential cross sections, analyzing powers and the spin-correlation parameters Dnn

for p̄p elastic scattering are shown in figure 10. Results for further spin-dependent ob-

servables can be found in figure 11. We selected results at the momenta 100, 300, 500,

and 700MeV/c (Tlab = 5.32, 46.8, 125, and 232MeV) for the presentation because that

– 22 –
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Figure 14. p̄p annihilation cross section multiplied by the velocity β of the incoming p̄. Notations
are described in the text. The results of the PWA [32] are indicated by circles. Data are taken
from [104–107].

Figure 15. Total (σtot) and integrated annihilation (σann) cross sections for n̄p scattering. Nota-
tions are described in the text. Data are taken from refs. [109–111].

6 Summary

In ref. [38] a new generation of NN potentials derived in the framework of chiral effective

field theory was presented. In particular, a new local regularization scheme was introduced

and applied to the pion-exchange contributions of the NN force. Furthermore, an alter-

native scheme for estimating the uncertainty was proposed that no longer depends on a

variation of the cutoffs. In the present paper we adopted those suggestions and applied

them in a study of the N̄N interaction. Specifically, a N̄N potential has been derived up to

N3LO in the perturbative expansion, thereby extending a previous work by our group that

– 31 –
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decay mode, or interference between two resonances. We
tried to fit the data for both of these possibilities.
In the first model, we assume the state around

1.85 GeV=c2 couples to the pp̄. The line shape of
η0πþπ− above the pp̄ threshold is therefore affected by
the opening of theXð1835Þ → pp̄ decay channel, similar to
the distortion of the f0ð980Þ → πþπ− line shape at the KK̄
threshold. To study this, the Flatté formula [25] is used for
the Xð1835Þ line shape:

T ¼
ffiffiffiffiffiffiffi
ρout

p

M2 − s − i
P

kg
2
kρk

: ð1Þ

Here, T is the decay amplitude, ρout is the phase space for
J=ψ → γη0πþπ−, M is a parameter with the dimension of
mass, s is the square of the η0πþπ− system’s mass, ρk is the
phase space for decay mode k, and g2k is the corresponding
coupling strength. The term

P
kg

2
kρk describes how the

decay width varies with s. Approximately,

X

k

g2kρk ≈ g20

"
ρ0 þ

g2pp̄
g20

ρpp̄

#
; ð2Þ

where g20 is the sum of g2 of all decay modes other than the
Xð1835Þ → pp̄, ρ0 is the maximum two-body decay phase
space volume [24], and g2pp̄=g20 is the ratio between the
coupling strength to the pp̄ channel and the sum of all other
channels.
The fit results for this model are shown in Fig. 3. The

Flatté model fit has a logL ¼ 630549.5 that is improved
over the simple Breit-Wigner one by 46, so the significance
of g2pp̄=g20 being nonzero is 9.6σ. In the fit, an additional
Breit-Wigner resonance [denoted as “Xð1920Þ” in Fig. 3] is
needed with a mass of 1918.6% 3.0 MeV=c2 and a width
of 50.6% 20.9 MeV=c2; the statistical significance of this
peak is 5.7σ. In the simple Breit-Wigner fit, the significance
of Xð1920Þ is negligible. The fit yields M ¼ 1638.0%
121.9 MeV=c2, g20 ¼ 93.7% 35.4ðGeV=c2Þ2, g2pp̄=g20 ¼
2.31% 0.37, and a product branching fraction of
BðJ=ψ → γXÞBðX → η0πþπ−Þ ¼ ð3.93 % 0.38Þ × 10−4.
The value of g2pp̄=g20 implies that the couplings between the
state around 1.85 GeV=c2 and the pp̄ final states is very
large. Following the definitions given in Ref. [26], the pole
position is determined by requiring the denominator in
Eq. (1) to be zero. The pole nearest to the pp̄ mass
threshold is found to be Mpole ¼ 1909.5% 15.9 MeV=c2

and Γpole ¼ 273.5% 21.4 MeV=c2. Taking the systematic
uncertainties (see below) into account, the significance of
g2pp̄=g20 being nonzero is larger than 7σ.
In the second model, we assume the existence of a

narrow resonance near the pp̄ threshold and that the
interference between this resonance and the Xð1835Þ
produces the line shape distortion. Here, we denote this
narrow resonance as “Xð1870Þ.” For this case we represent
the line shape in the vicinity of 1835 MeV=c2 by the square
of T, where

T ¼
" ffiffiffiffiffiffiffi

ρout
p

M2
1 − s − iM1Γ1

þ
βeiθ

ffiffiffiffiffiffiffi
ρout

p

M2
2 − s − iM2Γ2

#
: ð3Þ

Here, ρout and s have the same meaning as they had in
Eq. (1);M1, Γ1,M2, and Γ2 represent the masses and widths
of theXð1835Þ andXð1870Þ resonances, respectively; and β
and θ are the relative η0πþπ− coupling strengths and the
phase between the two resonances.
The fit results for the secondmodel are shown inFig. 4. The

logL of this fit is 630 540.3, which is improved by 37 with
four additional parameters over that for the fit using one
simpleBreit-Wigner function. TheXð1835Þmass is 1825.3%
2.4 MeV=c2 and the width is 245.2% 13.1 MeV=c2; the
Xð1870Þ mass is 1870.2% 2.2 MeV=c2 and the width is
13.0% 6.1 MeV=c2, with a statistical significance that is
7.9σ. It is known that there are two nontrivial solutions in a
fit using a coherent sum of two Breit-Wigner functions [27].
In the parametrization of Eq. (3), the two solutions share the
sameM1,Γ1,M2, andΓ2, but have different values of β and θ,
which means that the only observable difference between the
solutions are branching fractions of the two Breit-Wigner
functions. The product branching fractions with construc-
tive interference are B½J=ψ → γXð1835Þ'B½Xð1835Þ →
η0πþπ−' ¼ ð3.01% 0.17Þ × 10−4 and B½J=ψ →
γXð1870Þ'B½Xð1870Þ → η0πþπ−' ¼ ð2.03% 0.12Þ × 10−7,
while the solution with destructive interference
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FIG. 3. Fit results of using the Flatté formula. The dashed
dotted vertical line shows the position of the pp̄ mass threshold,
the dots with error bars are data, the solid curves are total fit
results, the dashed curves are the state around 1.85 GeV=c2, the
short-dashed curves are the f1ð1510Þ, the dash-dotted curves are
the Xð2120Þ, the dash-dot-dot-dotted curves are the Xð1920Þ, and
the long-dashed curves are nonresonant η0πþπ− fit results; the
shaded histograms are background events. The inset shows the
data and the global fit between 1.8 and 1.95 GeV=c2.
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summarized in Table I. Corresponding results for the p̄p
invariant-mass spectrum of the reaction J=ψ → γp̄p are
displayed in Fig. 2. It is reassuring to see that the results are
basically the same as those reported in Ref. [23] for the
chiral N2LO interaction. The presented results are for the
combination T ¼ ð0.4T0 þ 0.6T1Þ that yields the lowest χ2
value in the fit. Note, however, that those for weights of the
isospin amplitudes differing by, say, %0.1 are very similar,
even on a quantitative level.
Interestingly, the modified potential in Ref. [23] gen-

erates a bound state in the I ¼ 1 1S0 partial wave which
was not the case for the original interaction presented in
Ref. [29]. For example, for the cutoff combination
fΛ; Λ̃g ¼ f450 Mev; 500 Mevg the bound state is located
at EB ¼ ð−36.9 − i47.2Þ MeV, where the real part denotes
the energy with respect to the N̄N threshold. As noted in
Ref. [23], this bound state is not very far away from the
position of the Xð1835Þ resonance found by the BES
Collaboration in the reaction J=ψ → γη0πþπ− [1,9,10].
However, the bound state in Ref. [23] is in the I ¼ 1
channel and not in I ¼ 0 as advocated in publications of the

BES Collaboration [1] and of other authors [13,14]. The
refit of the new N̄N potential [27] employed in the present
study leads likewise to a bound state in the I ¼ 1 1S0
partial wave. The binding energies are EB ¼ ð−50.8 −
i40.9Þ MeV for the chiral N3LO interaction and EB ¼
ð−2.1 − i94.0Þ MeV for the chiral N2LO interaction. The
former value is close to that found in our earlier work [23],
while the latter differs drastically. Once again, this illus-
trates the warning remarks in Ref. [23] that, in general, any
data above the reaction threshold, like the p̄p invariant-
mass spectrum or even phase shifts, do not allow to pin
down the binding energy reliably.

IV. THE REACTION J=ψ → γη0π +π −

As already mentioned in the Introduction, in studies of
eþe− annihilation to multipion states structures were
observed around the N̄N threshold for several channels,
specifically in eþe− → 3ðπþπ−Þ, eþe− → 2ðπþπ−π0Þ, and
eþe− → 2ðπþπ−Þπ0Þ [15–18]. An analysis of those struc-
tures performed by us [19] and by others [20] suggested
that they could be simply a result of a threshold effect due
to the opening of the N̄N channel. In that work we could
estimate the contribution of the two-step process eþe− →
N̄N → multipions to the total reaction amplitude rather
reliably because cross-section measurements for all
involved processes were available in the literature.
Specifically, the amplitude for eþe− → N̄N could be con-
strained from near-threshold data on the eþe− → p̄p cross
section and the one for N̄N → 5π, 6π could be fixed from
available experimental information on the corresponding
annihilation ratios [37]. It turned out that the resulting
amplitude for eþe− → N̄N →multipions was large enough
to play a role for the considered eþe− annihilation channels
and that it is possible to reproduce the data quantitatively
near the N̄N threshold in most of the considered reaction
channels [19].
In the case of J=ψ → γη0πþπ− we are not in such an

advantageous situation. While cross sections (or branching
ratios) are available for p̄p → η0πþπ−, so far only event
rates have been published for J=ψ → γη0πþπ− itself and for
J=ψ → γp̄p. Thus, a reliable assessment of the magnitude
of the two-step process J=ψ → γp̄p → γη0πþπ− cannot be
given at present. Nonetheless, in the following we provide a
rough order-of-magnitude estimate and plausibility argu-
ments for why we believe that the N̄N intermediate step
should play an important role here. The main and most
important support comes certainly from the γη0πþπ− data
itself, where a clear structure is seen near the N̄N threshold
in the latest high-statistics measurement by the BESIII
Collaboration [10]. In addition a comparison of the event
rates for J=ψ → γp̄p and J=ψ → γη0πþπ− with the cross
sections for p̄p → p̄p in the 1S0 partial wave and for p̄p →
η0πþπ− suggests that the two-step process in question
should be of relevance.

TABLE I. Low-energy constants at N2LO and N3LO, for the
N̄N interaction in the I ¼ 1 1S0 partial wave. Note that all
parameters are in units of 104; see Ref. [27] for details.

N2LO N3LO

C̃31S0 (GeV−2) 0.1935(14) 0.3155(15)
C31S0 (GeV−4) −1.8160ð52Þ −3.5235ð101Þ
D1

31S0
(GeV−6) & & & −8.0840ð627Þ

D2
31S0

(GeV−6) & & & 10.0000(286)

C̃a
31S0

(GeV−1) 0.1733(25) 0.0230(33)

Ca
31S0

(GeV−3) −4.1780ð21Þ −3.1759ð100Þ

FIG. 2. J=ψ → γp̄p results with a refitted I ¼ 1 1S0 amplitude,
analogous to Ref. [23]. Data are from Ref. [8] (BESIII), Ref. [7]
(BES), and Ref. [32] (CLEO). Note that the latter two are scaled
to those by the BESIII Collaboration by eye.
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Let us discuss the latter issue in more detail. With the
central value of the branching ratio, BRðp̄p → η0πþπ−Þ ¼
0.626% [38], the resulting cross section at plab ¼
106 MeV=c is 2.23 mb, based on the total annihilation
cross section given in Ref. [39]. Though the branching ratio
is tiny, at first sight, one has to compare the resulting cross
section with the relevant quantity, namely the p̄p elastic
cross section in the 1S0 partial wave. The latter is around
20 mb in our N̄N potential [27], but also in the PWA [28].
Thus, the annihilation cross section for p̄p → η0πþπ− is
roughly a factor of 10 smaller than that for p̄p → p̄p.
When comparing the event rates one has to consider that

the number of J=ψ decay events used in the γη0πþπ−

analysis [10] is roughly a factor of 5 larger than that in the
γp̄p paper [8]. Moreover, the bin size is different.
Combining those two aspects suggests a roughly 5 times
larger rate for γp̄p, based on the data shown in Refs. [8,10],
which mostly compensates for the factor of 10 reduction
estimated above. Accordingly, in principle, the two-step
process via an N̄N intermediate state could be responsible
for as much as 50% of the total rate.
In the actual calculation we fix the constant C̃η0ππ in the

N̄N → η0ππ transition potential [cf. Eq. (5)] from the
corresponding annihilation cross section discussed above.
Since there is no experimental information on the energy
dependence, we set the constant Cη0ππ to zero. For the
amplitude AJ=ψ→γp̄p we employ the one described in
Sec. III, with C̃J=ψ→γN̄N fixed to the most recent BESIII
data [10]. However, we allow for some variations of the
overall magnitude because, as said above, only event rates
are available in this case. The value for CJ=ψ→γN̄N obtained
in the fit turned out to be very small so that we simply set it
to zero.
Finally, the constants in the quantity A0

J=ψ→γη0πþπ−

[cf. Eq. (7)] are adjusted to the event rate for
J=ψ → γη0πþπ−. This term has to account for all other
contributions to J=ψ → γη0πþπ−, besides the one with an
intermediate γN̄N state. Thus, it can have a relative phase
as compared to the contribution from the N̄N loop, i.e., the
corresponding C’s can be complex valued. However, it
turns out that optimal results are already achieved for real
values of C̃J=ψ→γη0ππ and CJ=ψ→γη0ππ . In the fit we consider
data in the range 1800 MeV ≤ E ≤ 1950 MeV, i.e., in a
region that encompasses more or less symmetrically the
N̄N threshold.
Our results for the reaction J=ψ → γη0πþπ− are pre-

sented in Figs. 3 and 4. They are based on the N2LO and
N3LO EFT N̄N interactions with the cutoff R ¼ 0.9 fm
(Λ ¼ 438 MeV), cf. Ref. [27] for details. Exploratory
calculations for the other cutoffs considered in Ref. [27]
turned out to be very similar. Like for N̄N scattering itself,
much of the cutoff dependence is absorbed by the contact
terms [C̃ν and Cν in Eqs. (5) and (6)] that are fitted to the
data so that the variation of the results for energies of, say,

%50 MeV around the N̄N threshold is rather small. For
consistency the momentum-space regulator function as
given in Eq. (3.1) (right side) in Ref. [27] is also attached
to the transition potentials in Eqs. (5) and (6), i.e., to all
quantities that depend on the N̄N momentum q.
In Fig. 3 a more detailed view on our calculation is

presented, exemplary for the N3LO interaction. Full results
for the η0πþπ− invariant-mass spectrum (solid line) are
shown, together with the individual contributions from the
J=ψ → γN̄N → γη0ππ transition (dotted line) and the

FIG. 3. The η0πþπ− invariant-mass spectrum in the reaction
J=ψ → γη0πþπ−. Results for the contribution from the J=ψ →
γN̄N → γη0πþπ− transition (dotted line) and the background term
(dashed line) are shown, together with the full results (solid line).
The N3LO N̄N potential [27] is employed. Data are from the
BESIII Collaboration [10]. The horizontal line indicates the p̄p
threshold.

FIG. 4. Results for J=ψ → γη0πþπ− including the background
term and N̄N → η0πþπ− transition amplitude for the N2LO
(dashed line) and N3LO (solid line) N̄N interactions. Data are
from the BESIII Collaboration [10]. The horizontal line indicates
the p̄p threshold.
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conjugation and rotation in isospin space [37]. It connects
the pion-exchange physics, so even in the N̄N case the
long-range physics is completely determined by chiral
dynamics. In Ref. [37], Dai et al. developed a p̄N potential
at N3LO in analogy with the corresponding NN potential
presented in Refs. [38,39,46], with the same power count-
ing and a regularization scheme in the coordinate space. It
seems that such a local scheme could avoid problems with
the long-range part of the interaction due to pion exchange
that, of course, should not be affected by any regularization
procedure. We are aware of the many theoretical aspects
beyond the regularization procedures (see Ref. [47] and
references therein) and more studies will be needed in the
future. In Ref. [37], five different potentials are provided
with different values of the coordinate space cutoff R, that
reproduce with almost the same quality the N̄N phase
shifts. In the present work we employ the R ¼ 0.9 fm
version.
In Fig. 1 our results for the differential cross sections of

elastic antiproton scattering off 4He and 12C, computed at
the antiproton laboratory energy of 180 MeV, and 16;18O at
178 MeV are presented and compared with the experi-
mental data. Our model provides a very good description of
the data for all the target nuclei considered. In particular, it

is remarkable the agreement in correspondence of the first
minimum of the diffraction pattern for all the targets and the
general reproduction of the data for 18O, since this is an sd
nucleus and is on the borderline of applicability of
the NCSM.
One of the advantages of using aNN or a N̄N interaction

in the ChPT scheme is the ability to estimate the theoretical
error associated with the truncation of the potential at a
certain order of the chiral expansion. In Fig. 2 we display
the convergence pattern of the differential cross section for
the 12Cðp̄; p̄Þ12C reaction computed at different chiral
orders. For a consistent comparison, all the calculations
have been performed with the p̄N and NN interactions at
the same order in the chiral expansion. For the calculation
of the density at N2LO and N3LO we included the 3N force
at N2LO with the couplings cD and cE constrained to the
triton half-life and binding energy. This produced two more
fits of these parameters [51], different from those employed
with the NN N4LO interaction, to be used with the NN
interaction at the same chiral order. All these results are
displayed in Fig. 2. As can be seen in the figure, at the
leading order (LO) the calculated cross section is in clear
disagreement with data and has a minimum at about 33°,
which is more than 2 orders of magnitude lower than the
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FIG. 1. Differential cross sections as a function of the center-of-mass scattering angle for elastic antiproton scattering off different
target nuclei. The results were obtained using Eq. (1), where the tp̄N matrix is computed with the p̄N chiral interaction of Ref. [37] and
the one-body trinv nonlocal density matrices are computed with the NCSM method using two- [32] and three-nucleon [33,34] chiral
interactions. Experimental data from Refs. [48–50].
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experimental one, which is positioned at about 23°. A bit
better result is obtained at NLO, where the first minimum is
shifted towards smaller angles but the agreement with the
experimental cross section is still poor. At N2LO the
minimum is increased by about 2 orders of magnitude,
close to the experimental value, but in comparison with the
experimental cross section the calculated cross section is
shifted towards larger angles and the agreement with data
remains poor. Only at the N3LO the first minimum is well
reproduced and the general agreement with data is quite
good. It is interesting to note how the differences between
the results at different orders decrease going from LO to
N3LO, which reflects the improvement and confirms a
well-defined convergence pattern. Similar results were
found in Refs. [52,53], where a similar analysis was
performed for pA elastic scattering using several chiral
NN interactions at N3LO and N4LO. The conclusion is
that, for energies around 200 MeV, a good description of
the experimental data is obtained with NN or N̄N inter-
actions up to at least N3LO. However, the choice of a
different fitting procedure [54] can produce an interaction
capable to describe the experimental data already at N2LO,
as recently showed in Ref. [26] for the NA case.
All the results presented so far were obtained with target

densities computed using NN and 3N interactions renor-
malized via the SRG. To assess the impact of the SRG
procedure in our calculations, we display in Fig. 3 the
results for the differential cross section and analyzing
power for 4He computed with the bare NN and 3N
interactions and the same values of Nmax and ℏΩ. The
results are also compared with the ones in Fig. 1. As can be
inferred from the figure, the resulting densities produce
the same results with minor differences at large scattering
angles. Unfortunately, this is the only fully consistent

calculation that we can perform at the moment, since, in
general, the usage of the bare interaction requires higher
values of the Nmax parameter for a complete convergence
of the structure calculations and this is computationally
prohibitive for heavier systems like carbon or oxygen.
Finally, in Fig. 4 we display our predictions for the

analyzing power of 12C and 16;18O, computed at the same
energies and with the same inputs of Fig. 1. We also show
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FIG. 2. Differential cross section as a function of the center-of-
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180 MeV, computed at different chiral orders. Experimental data
from Ref. [49].
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● purely in the isospin=1 channel 
● only adopted in a recent work on 

the Paris potential updated in 2009. 

● Many parameters (spin, isospin, partial wave) 
have to be fixed in each model. 

● We propose a model-independent 
approach to determine scattering lengths 
by low-energy scattering measurements.

Low-energy n̅p scattering
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PARIS NN̄ POTENTIAL CONSTRAINED BY RECENT . . . PHYSICAL REVIEW C 79, 054001 (2009)

TABLE II. Results of the fit to the level shifts !EL and width "L of antiprotonic hydrogen for the present work compared to the
experimental data. Units of !EL and "L are keV for S waves and meV for P waves. Results for the Paris 99 potential [8] are predictions.
The corresponding Coulomb corrected scattering lengths aL

c are obtained from Eq. (2) for S-waves with a principal quantum number
n = 1 and from Eq. (3) for P -waves (n = 2). One has a(pp̄) = [a(T = 0) + a(T = 1)]/2, a(S-world) = [a(singlet) + 3a(triplet)]/4 and
a(Sum-P ) = [3a(1P1) + 3a(3P1) + 5a(3P2)]/11. We use here the standard spectroscopic notation 2S+1LJ for a given partial wave of spin S,
of angular momentum L and total angular momentum J .

!EL − i"L/2 aL
c [fm2L+1]

State Experimental Present work Paris 99 Experimental Present work Paris 99
1S0 0.440(75)-i0.60(12) [10] 0.778-i0.519 0.755-i0.243 0.492(92)-i0.732(146) 0.920-i0.666 0.911-i0.312
3S1 0.785(35)-i0.47(4) [10] 0.693-i0.393 0.654-i0.323 0.933(45)-i0.604(51) 0.823-i0.498 0.778-i407
S-world 0.712(20)-i0.527(33) [10] 0.714-i0.425 0.680-i0.303 0.835(25)-i0.669(42) 0.847-i0.540 0.812-i0.384
3P0 −139(30)-i60(12) [11] −67.0-i60 −68.0-i66.8 −5.68(1.23)-i2.45(49) −2.74-i2.460 −2.78-i2.730
Sum-P 15(25)-i15.2(1.5) [11] 6.10-i21.7 4.40-i10.9 0.613(1.02)-i0.621(60) 0.250-i0.886 0.180-i0.445
1P1 −29.4-i13.2 −29.6-i13.7 −1.20-i0.539 −1.21-i0.561
3P1 63.8-i44.8 59.7-i12.6 2.61-i1.83 2.44-i0.516
3P2 7.22-i12.9 −8.44-i8.12 −0.295-i0.528 −0.345-i0.332
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FIG. 1. Total and annihilation cross sections for the p̄p and n̄p systems. The references of the experimental data can be found in Ref. [7].
The data of Iazzi et al. in (c) are from Ref. [9].
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Figure 14. p̄p annihilation cross section multiplied by the velocity β of the incoming p̄. Notations
are described in the text. The results of the PWA [32] are indicated by circles. Data are taken
from [104–107].

Figure 15. Total (σtot) and integrated annihilation (σann) cross sections for n̄p scattering. Nota-
tions are described in the text. Data are taken from refs. [109–111].

6 Summary

In ref. [38] a new generation of NN potentials derived in the framework of chiral effective

field theory was presented. In particular, a new local regularization scheme was introduced

and applied to the pion-exchange contributions of the NN force. Furthermore, an alter-

native scheme for estimating the uncertainty was proposed that no longer depends on a

variation of the cutoffs. In the present paper we adopted those suggestions and applied

them in a study of the N̄N interaction. Specifically, a N̄N potential has been derived up to

N3LO in the perturbative expansion, thereby extending a previous work by our group that
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Low-energy n̅p scattering
● Only S-wave scattering is important in case of  

● scattering amplitude:  

▷  in the low-energy limit 

▷ scattering length:  

● elastic scattering cross section:  

● annihilation cross section: 

ℏk = pLab/2 ≲ 25 MeV/c
fℓ=0 = 1/(k cot δ − ik)

k cot δ ≈ − 1/a ≡ α = αR − iαI (αI > 0)
a = aR − iaI (aI > 0)

σel =
4π

α2
R + (αI + k)2

≈ 4π |a |2 (1 − 2aIk)

σann =
4π
k

αI

α2
R + (αI + k)2

≈
4π
k

aI − 8πa2
I

16
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Table 3 
S and P-wave parameters from the coupled channel model (1) and the fit of cr~,,,,fiP up to 300 MeV/c (2). 

at (fm) rt (fm) bl (fro 3) Rt (fm) X2 /ndf 
1 0.4 + i0.5 - 1 . 4  + i l .8  0.8 + i0.1 0.2 -- i0.4 
2 0.37 + i0.54 - 1 . 5 +  i l .67 0.83 + i0.11 0.21 -- i0.43 7.6/5 

Table 4 
S, P and D-wave parameters from the fit of O'an n tip up to 400 MeV/c. 
at(fm) rt ( fm)  bl(fm ~ ) Rt(frn) c t ( fm 5 ) pt(fm) X2/n 
0.37 + i0.53--1.5 + i l .67  0.82 + i0.11 0.21--  i0.43 0.086 + i0.019 --2.17 + i2.6 9 .5/5 
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Figure 4. Fit of crOP measured by Obelix up to 
300 MeV/c including S (broken line) and P (point 
line) wave contributions. 

Figure 5. Fit of o'~,~,~P measured by Obelix up to 
400 MeV/c including S (solid line), P (broken 
line) and D (point line) wave contributions. 

about 10%. The result was used for an indepen- 
dent evaluation of the D-wave percentage in the 
ant±neutron momentum interval between 250 and 
400 MeV/c.  The aD distribution was integrated 
in this interval taking into account the experimen- 
tal ant±neutron momentum distribution obtaining 

 D(3) : (4.7 + 0.6)% (20) 

in agreement with the result from the fit of the 
annihilation frequencies (table 2). 

5. C o n c l u s i o n s  

The first measurement of ~p annihilation fre- 
quencies into 7r+~r °, ~-+z/ and K + K s  was per- 
formed as a function of the ~ momentum in the 
range between 50 and 400 MeV/c. These mea- 
surements are the first steps to fill the complete 
lack of data on specific annihilation channels in 
the tip system at low energy, which represents 
the natural extension of the/Sp experimental pro- 
gram. 

Information about the annihilation dynamics 
and the composition of the initial state in terms 
of partial waves were obtained. In particular 
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Figure 5. Fit of o'~,~,~P measured by Obelix up to 
400 MeV/c including S (solid line), P (broken 
line) and D (point line) wave contributions. 

about 10%. The result was used for an indepen- 
dent evaluation of the D-wave percentage in the 
ant±neutron momentum interval between 250 and 
400 MeV/c.  The aD distribution was integrated 
in this interval taking into account the experimen- 
tal ant±neutron momentum distribution obtaining 

 D(3) : (4.7 + 0.6)% (20) 

in agreement with the result from the fit of the 
annihilation frequencies (table 2). 

5. C o n c l u s i o n s  

The first measurement of ~p annihilation fre- 
quencies into 7r+~r °, ~-+z/ and K + K s  was per- 
formed as a function of the ~ momentum in the 
range between 50 and 400 MeV/c. These mea- 
surements are the first steps to fill the complete 
lack of data on specific annihilation channels in 
the tip system at low energy, which represents 
the natural extension of the/Sp experimental pro- 
gram. 

Information about the annihilation dynamics 
and the composition of the initial state in terms 
of partial waves were obtained. In particular 
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the ~r+Tr ° and K + K s  elementary branching ra- 
tios from 33S 1 initial state were measured. A 
confirmation of the dominance of K K  produc- 
tion in S-wave from I=1 state and hints about 
the suppression of K+/~ ° from P-wave were ob- 
tained. The first determination of the D-wave 
contribution to the annihilation in the momen- 
tum range up to 400 M e V / c  was also obtained 
and is in agreement with the result obtained by 
the fit of the total ~p annihilation cross section. 
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Low-energy p̅p scattering (annihilation)
● Due to attractive Coulomb interaction 
▷  instead of  
▷ p-wave doesn’t vanish even when E→0  
▷ Coulomb-corrected scattering length  

can be deduced as follows:

σ ∝ v−2 σ ∝ v−1

asc
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Table 1
Values of the pp total annihilation cross section, reported in the present work, multiplied by the velocity b of the p’s and the respective p
incident momenta. In addition to the statistical and systematic errors, an overall normalization error of 2.5% has to be considered.
Corresponding LEAR beam momentum settings, target pressures and average beam momenta, at the entrance of the gaseous target, are
reported too.

TLEAR Target Entrance p incident bsann
Ž .beam pressure momentum momentum mbarn

Ž . Ž . Ž . Ž .MeVrc mbar MeVrc MeVrc
Ž . Ž .105 400 72.3"0.2 69.5"1.5 42.4"1.6 stat "1.2 sys
Ž . Ž .105 150 49.8"0.2 45.4"3.4 50.2"1.0 stat "3.9 sys
Ž . Ž .105 150 46.8"0.2 40.1"3.9 51.8"1.0 stat "5.1 sys
Ž . Ž .105 100 41.2"0.2 37.6"5.1 54.4"1.2 stat "7.4 sys

Ž Ž ..as obtained from the formula 1 , multiplied by the
velocity b of the incoming p, are reported. The
systematic errors on the bs T values are obtainedann

as the quadratic addition of the possible systematic
uncertainties: uncertainty on the determination of the
p incident momentum, on the number of annihilation

Fig. 2. Values of the total pp annihilation cross section at low energy, multiplied by the incoming beam velocity, as a function of the p
Ž . w x Ž .incident momentum. This work w . Measurements from Bruckner et al. 15 ' thin target, ^ thick target . Previous measurements from¨

w x Ž . w x Ž . w xObelix 1 v 2 I . Theoretical curves are from Carbonell et al. 3 . The full line is the total annihilation cross section, the dashed line
represents the S-wave contribution. In the inset the low energy region is magnified.

346 J. Carbonell et al./ Physics Letters B 397 (1997) 345-349 

2. Antiproton-proton annihilation cross section 

At low energies, the total reaction (e.g. annihila- 
tion) cross section for neutral particles is well known 
to behave as 1 /u_ If one looks for the next term in the 
development of the cross section in the center of mass 
momentum q, one can see that the two first terms are 
entirely defined by the imaginary part of the scattering 
amplitude a, ’ [ 91: 

CT& = - : (1 - IS]‘) M $ (1 -e4rmasq) 

Z4?7 
( 

Im (-a,) - 21m2( -a,) . 
4 > 

This circumstance allows the imaginary part of the 
scattering amplitude to be extracted from the be- 
haviour of the total reaction (annihilation) cross 
section, for instance from the antineutron-proton 
annihilation cross section [ lo]. 

An analogous expression can be obtained for an 
interacting system with Coulomb interaction, for in- 
stance for the pp system. This problem was solved in 
[7], where it was shown that the annihilation cross 
section for the S-wave can be written as: 

$a&( S-wave) = 87? 
1-e2T 

where: 
7 = - 1 /qB is the dimensionless Coulomb param- 
eter with B the pp Bohr radius; 
w(x) = ci( x) - 2ixh( X) is an auxiliary function 
with qBw(q) -+ 27r when q ---t 0; 
ci and h are the usual functions in the Coulomb 
scattering theory 

c;(X) = 
29rx 

exp(29rx) - 1’ 

h(x) = 1 [*(-ix) +Y’(ix)] - iln(X2) 

with the digamma function v. 
This expression is written within the usual scattering 
length approximation, use being the scattering length 
of the strong interaction in presence of Coulomb 
forces. 

1 Hereafter we use the definition of scattering length with negative 
imaginary part. 

Let us make few comments about this expression 
of the annihilation cross section. 

First, this formula is written for spinless particles 
just to simplify the expression and because of the im- 
possibility to extract, from the present experimental 
data, triplet and singlet scattering lengths separately. 
Otherwise, it should be necessary to write the total an- 
nihilation cross section as a sum of singlet and triplet 
partial cross sections, with the usual statistical weights 
1 I4 and 3 14 and as function of the corresponding spin 
dependent scattering lengths. The reason why the two 
contributions cannot be determined separately from 
the annihilation cross section data is connected to the 
fact that, unless the values of the triplet and singlet 
scattering lengths are very different, they present es- 
sentially the same behaviour with energy. 

Strictly speaking, the average value of the ampli- 
tude (Im use) obtained hereafter is not an usual aver- 
age value of singlet and triplet amplitudes ( f Im u(s) 
+ $ Im u(t)), but some effective average value ob- 
tained by averaging the cross sections. The difference 
between these two values appears due to presence of 
the scattering length in the denominator of ( 1) . One 
can easily estimate the error introduced by this ap- 
proximation. Even if the triplet scattering length is two 
times smaller than the singlet one the difference be- 
tween the two definitions of average value does not 
exceed two percents. 

Second, this approximation works, for the S-wave, 
within few percent accuracy up to antiproton labora- 
tory momentum of 100 MeVlc where, in principle, it 
becomes necessary to account for the charge exchange 
cross section [ 71. 

A third and rather general comment is aimed to re- 
mark the fact that, in the expression for the absorbtion 
cross section, not only the imaginary part but also the 
real part of the scattering amplitude appears. Unfor- 
tunately, the contribution to the cross section due to 
the real part of the scattering length is very small; in 
fact it is of the order of few percents at the highest 
momentum considered. Therefore, at the present level 
of experimental precision, the data can not be used 
to extract the real parts too. Nevertheless, it is worth 
emphasizing that the contribution to the cross section, 
due to the real part of the scattering length, appears 
only thanks to the presence of the Coulomb interac- 
tion. In some sense the situation recalls the case of 

J. Carbonell et al., PLB 397 (1997) 345 
A. Zenoni et al., PLB 461 (1999) 405
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Novel concept: low-energy antineutron production

● 300 MeV/c antiprotons from CERN-AD (Antiproton Decelerator) 
●  (40 keV) antineutrons can be backward-produced in charge-

exchange reaction (  ) 
● 1.0 antineutrons per cycle (~2min.) → scattering experiments feasible

plab = 9 MeV/c
pp̄ → nn̄

20
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FIG. 3. Summary of previously investigated low-energy (beam momentum lower than 100MeV/c) antinucleon–nucleon and
antinucleon–12C scattering. Beam momenta plab are indicated by open circles (for antiprotons) and filled circles (for antineu-
trons). Antineutrons produced by the backward charge-exchange reaction will extend the range of these studies down to
9MeV/c, as shown by the red arrows.

one is 3.31 ± 0.13mb/sr. Using the kinematical factor
d!lab/d!CM proportional to (pCM/plab)2 at ωlab = 0→,
the di”erential cross section in case of ωlab = 0→ (ωCM =
180→) in the laboratory frame can be estimated to be
4.7 ± 1.9µb/sr. The expected antineutron production
rate can be obtained from this cross section. Here we as-
sume a 0.44 g/cm2-thick LH2 production target, degrad-
ing the antiproton beam from 300MeV/c to 250MeV/c.
For an angular acceptance of ωlab < 5→, with the trans-
mission of antineutrons through the production target
taken into account, the yield is estimated to be → 1.0
antineutrons per AD spill containing 5↑107 antiprotons.
The extracted antineutrons will have momenta between
8.5 and 10.4MeV/c. This range can be tuned by ad-
justing the target thickness and by inserting a beam de-
grader.

III. APPLICATION TO ANTINEUTRON

SCATTERING EXPERIMENTS

The very low-energy antineutrons that can be pro-
duced with the method described in the last section will
open up possibilities for the study of antineutron scat-
tering in an energy range otherwise inaccessible, as can
be clearly seen in the summary of the existing data in
Fig. 3.

The key distinction between antineutron and antipro-
ton scattering is the absence, in the former, of the
Coulomb interaction. In antiproton scattering, the at-
tractive Coulomb interaction with the target nucleus in-
creases the maximum angular momentum achievable for
a given impact parameter; as a consequence of this ef-
fect, known as Coulomb focusing, high-ε partial wave
contributions at low energy are enhanced, while a precise

determination of the S-wave contribution by antiproton
scattering is hindered [50, 61, 62].
The absence of the Coulomb interaction also o”ers

technical advantages. While low-energy antiproton scat-
tering requires ultrathin (< 100 nm) targets in ultra-
high vacuum to minimize the energy loss [35], antineu-
tron scattering can be performed with thick targets in
air.

A. Antineutron–proton scattering

One particularly compelling case for study is the n̄p
system, for which experimental data are significantly
scarcer compared to the abundant statistics available for
the p̄p data, as discussed in Sec. IA.
The n̄p scattering has the following distinct features

that make it a unique probe for investigating NN̄ inter-
actions.

1. The n̄p system is a purely total isospin I = 1 state,
whereas the p̄p system consists of both I = 0 and
I = 1 states.

2. In antineutron-proton or nucleon-nucleon scatter-
ing, only S-wave contributes at su#ciently low
energy. On the contrary, in case of antiproton-
proton scattering, P -wave contribution does not
vanish even at zero energy because of the men-
tioned Coulomb focusing [61, 62].

As a result, n̄p scattering at low energy involves only 1S0
and 3S1 partial waves2 in I = 1. A partial-wave decom-

2
The standard spectroscopic notation,

2S+1
LJ for a partial wave

down to 9 MeV/c (40 keV)
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Fig. 6. Shift values for pionic atoms. The continuous lines join points calculated with the best-fit optical potential discussed 
in Section 3.3. 

2.2.3. Antiproton data 
With the advent of the LEAR antiproton facility at CERN, a number of precise measurements 

of energy shifts and widths for p atoms are available. Unfortunately, these data cover only 
a limited region of the periodic table; measurements are available for isotopes of 0 and MO, 
a short sequence of elements from N to Na, together with Ba and Yb. Recent results for Te, 
Sm and Pt isotopes [42] were excluded from the present work since the measurements are prin- 
cipally concerned with E2 mixing effects and the widths of ‘upper’ levels in deformed nuclei. 
It was therefore necessary to include measurements from earlier experiments which are signif- 
icantly less accurate, but which considerably extend the range of nuclei and atomic levels to 
be fitted. 

The data used here were taken from the published literature and cover the available target elements 
from C to Pr inclusive. Measurements for Yb were omitted since the nucleus is deformed and has 
a large quadrupole moment which, as a result of dynamic E2 mixing with the first excited 2+ state, 
gives an attractive energy shift [43], in contrast to other nuclei where the energy shift is repulsive. 
The isotope pairs 160-180 and g2Mo-g8Mo were used in some fits to improve the determination of 
the isovector terms in the potential. 

The data set used is tabulated in [44] and plotted in Fig. 8. Where more than one set of mea- 
surements are available for a particular nucleus, the most accurate set was used. In all, the data 
consists of 15 measurements of energy shifts, 15 direct measurements of level widths together with 
18 measurements which give width values for the ‘upper’ levels. The measurements cover a total 
of 6 atomic levels, from the 3d level in C to the 8j level in Pr, and 20 different nuclei. The cor- 
responding parameters used for the charge and nucleon density distributions are also tabulated in 
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Fig. 8. Shift and width values for antiprotonic atoms. The continuous lines join points calculated with the 
potential discussed in Section 5.4. 

best-fit optical 

2.2.4. Sigma atom data 
The data used in this analysis represent all published measurements from C to Pb inclusive. The 

data set used is tabulated in [45] and plotted in Fig. 9. In all, the data consists of 7 measurements 
of energy shifts, 5 direct measurements of level widths together with 11 measurements of relative 
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Fig. IT. Shift and width values for kaonic atoms. The continuous lines join points calculated with the 
potential discussed in Section 4.2. 

best-fit optical 

Ref. [44]. For ease of reference, the complete data set listed in [44] will be referred to as ALL. 
The data set with 180 and 98Mo omitted will be denoted LESS, whilst the measurements for the 
two isotope pairs 160-180 and 92Mo-98Mo will be referred to as ISO. 

shift (= ), width of atomic levels → strong interaction between hadron and nucleusEmeasured − ECoulomb

• pionic hydrogen/deuterium 
• deeply bound pionic atoms

• kaonic hydrogen/deuterium 
• kaonic helium-3/4

• protonium 
• anti-protonic deuterium 
• CERN PS209 (16O, …, 238U)

π− K− p
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Fig. 1 Antiprotonic strong
interaction level widths as a
function of atomic number Z.
Full circles – values
determined in the PS209
experiment; open circles –
earlier data [14]
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Fig. 2 Difference !rnp
between the rms radii of the
neutron and proton
distributions, deduced from
antiprotonic atom X-ray data,
as a function of
δ = (N − Z )/A. The proton
distributions were obtained
from electron scattering
data [20] (Sn nuclei) or from
muonic atom data [19, 41, 42]
(other nuclei). The full line
represents the linear
relationship between δ and
!rnp as obtained from a fit to
the experimental data
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This set of data allowed to develop a new optical potential for the antiproton-
nucleus interaction [2, 3].

A comparison of the fhalo data with the results of experiments determining the
difference of the neutron and proton root mean square radii (!rnp) indicates that
the excess of neutrons is distributed in the form of a halo rather than a skin (the
neutron and proton distributions differ in their surface thickness and not in their
half-density radius [17]). This is in agreement with a recent analysis using the new
optical potential [18] as well as with theoretical density models.

The neutron distributions were determined from measured level widths and in
some cases from level shifts. In the analysis, spherical symmetry and a two-parameter
Fermi (2pF) distribution was assumed for both neutrons and protons. The proton
densities were deduced from charge distribution data taken from the literature
(the compilations [19, 20]). The simple optical potential for the antiproton-nucleus
interaction was taken from [21] and later [13] from [2, 3].

The results obtained were converted to normalized neutron to proton densities
and compared with the results of the radiochemical method. There was good
agreement of both experimental methods as well as with the theoretical predictions
of Hartree-Fock-Bogoliubov (HFB) calculations [22].

The neutron density distributions determined in this way (and the known proton
density distributions) allowed us to calculate the differences of the neutron and

2μUopt(r) = − 4π (1 +
μ
m )(b0ρ(r) + b1δρ(r))

ρ(r) = ρn(r) + ρp(r)
δρ(r) = ρn(r) − ρp(r) C.J. Batty et al., Nucl. Phys. A 592 (1995) 487
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This set of data allowed to develop a new optical potential for the antiproton-
nucleus interaction [2, 3].

A comparison of the fhalo data with the results of experiments determining the
difference of the neutron and proton root mean square radii (!rnp) indicates that
the excess of neutrons is distributed in the form of a halo rather than a skin (the
neutron and proton distributions differ in their surface thickness and not in their
half-density radius [17]). This is in agreement with a recent analysis using the new
optical potential [18] as well as with theoretical density models.

The neutron distributions were determined from measured level widths and in
some cases from level shifts. In the analysis, spherical symmetry and a two-parameter
Fermi (2pF) distribution was assumed for both neutrons and protons. The proton
densities were deduced from charge distribution data taken from the literature
(the compilations [19, 20]). The simple optical potential for the antiproton-nucleus
interaction was taken from [21] and later [13] from [2, 3].

The results obtained were converted to normalized neutron to proton densities
and compared with the results of the radiochemical method. There was good
agreement of both experimental methods as well as with the theoretical predictions
of Hartree-Fock-Bogoliubov (HFB) calculations [22].

The neutron density distributions determined in this way (and the known proton
density distributions) allowed us to calculate the differences of the neutron and

Δrnp = ⟨r2⟩1/2
n − ⟨r2⟩1/2

p

ρn/p(r) =
ρ0

1 + exp[(r − cn/p)/an/p]

with cn = cp (global fit)b0 = 2.5 + 3.4i

A. Trzcińska et al., Hyperfine Interact. 194 (2009) 271

optical potential
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Fig. 3. Values of x2 /F ,  and of Rebo and Imbo, for the best-fit teff p p-nucleus optical-potential solutions 
listed in Tables 5-7, using SP densities. 

appears an inconsistency between the values for Re b0 as determined by the full data 
and by the N = Z data. This inconsistency is removed upon introducing an isovector 
component (parameter bl ) which affects only the N > Z data points and allows the 
isoscalar component (parameter b0) to be essentially given by the N = Z data fit. The 
resulting value of Re bl is unrealistically large and probably reflects inadequacies in the 
parameterization of Vop t. It remains large and negative also upon introducing an isoscalar 
p-wave term. It depends sensitively on the surface behaviour of the densities used in 
fitting to the data. For example, if Zp, = Npp is assumed, then Re bl comes out almost 
twice as large as given in Table 4. 

Table 5 shows fits of the LESS data, using SP densities. The first five rows parallel 
those of Table 4. The Y data, again, determine b0 very poorly, but x 2 / F  is not as high 
as with MAC densities. The good agreement observed in Table 4 between fitting the 
S+W data and the full data holds and even improves. There is no longer a discrepancy 
between Re b0 as determined by fitting to the N = Z data and to the full data, but a small 

Revisiting the isovector term

● Inclusion of the isovector ( ) term did not 

improve the  in the global fit. 
● Many literatures ignores the isovector term. 
● Levels are sensitive only to extremely outer, 

low density ( ) regions, where neutrons 
dominate over protons.

b1

χ2/ndf

< 0.1ρ0
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2μUopt(r) = − 4π (1 +
μ
m )(b0ρ(r)+b1δρ(r))

C.J. Batty et al., Nucl. Phys. A 592 (1995) 487 
see also 
E. Friedman and A. Gal, NIM B 214 (2004) 160 
E. Friedman et al., Nucl. Phys. A 761 (2005) 283



Open questions about N̅A interactions
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Fig. 2. Antiproton–nucleon S-wave scattering amplitudes around threshold from the 2009 Paris potential [16]. Negative 
values represent attraction and absorption.

Fig. 3. Antiproton–nucleon P -wave scattering amplitudes around threshold from the 2009 Paris potential [16]. Negative 
values represent attraction and absorption.

small statistical weight and it causes a small anomaly just below threshold, producing no effect 
on p̄-nuclear observables near threshold. It is seen from Fig. 2 that the free S-wave amplitudes, in 
distinction from the underlying attractive potential, represent repulsion over a very wide energy 
range. This disagrees with the empirical attractive potential deduced from previous analyses of 
antiprotonic atoms unless medium effects, such as the WRW prescription discussed in Section 2
or other amplitudes, e.g. P -wave, produce attraction.

Fig. 3 shows the P -wave amplitudes from the Paris potential. In the P -wave states the short 
range annihilation has much weaker effect and the attractive nature of the potential is evident. In 
particular a quasi-bound, fairly narrow state at E = −4.5 − i9.0 MeV is generated in the 33P1

114 E. Friedman et al. / Nuclear Physics A 943 (2015) 101–116

Fig. 10. Comparisons between calculated and experimental annihilation cross sections on Sn. Solid circles for n̄ [50], 
open square for p̄ [52]. Solid lines are for using in-medium kinematics, Eq. (10), and applying the WRW modification 
Eq. (11). Dashed lines are for δ√s = ξNElab.

Coulomb field of a nucleus and an induced electric dipole of the antineutron. We have tested this 
idea using a realistic polarizability of 0.001 fm3 [54] for the antineutron but the effect is totally 
negligible. Increasing the polarizability by an order of magnitude will lead to effects smaller 
than 1%.

6. Discussion and summary

The ability of a simple empirical optical model approach to describe well the interaction of 
sub-threshold and of low energy antiprotons with nuclei has been known for some time. Among 
other things, this success could result from the interaction being confined to the extreme surface 
region of the nucleus due to the very strong absorption of p̄ and n̄ in nuclear matter. Nevertheless, 
it was interesting to see how well can more microscopic approaches do in this respect. This has 
been done in the present work using the 2009 Paris N̄N potential [16].

Inspection of optical potentials based on a recent algorithm for handling microscopic scatter-
ing amplitudes in the nuclear medium shows that it is necessary to include contributions from 
the P -wave part of the p̄N interaction, as suggested previously [24]. In the present case this is 
necessary because the S-wave amplitudes are repulsive throughout the full energy range, as seen 
in Fig. 2, and although the WRW medium modification makes them attractive in the interior, they 
are nevertheless repulsive at the relevant low density region of the nucleus. This applies both to 
p̄ atoms and to scattering at 48 MeV beam energy. The reversal of sign of the real potential in 
a sufficiently dense matter is exclusively due to the in-medium WRW modification (11) and not 
due to the in-medium kinematics algorithm, Eqs. (9) and (10). Tests show that this phenomenon 
is linked to the particularly large values of both real and imaginary part of the S-wave amplitudes 
and it disappears when the amplitudes are reduced by a factor 3 or more. In practice we find that 
the real part of the P -wave amplitudes cannot substitute for the missing S-wave attraction with-
out further sizable modifications, presumably because they change sign sharply very close to 
threshold (Fig. 3) which is the relevant energy in the present studies.

Paris '09 Potential

Does  happen to be consistent with zero, 
even if  and  interactions are different? 

b1
pp pn

E. Friedman et al. / Nuclear Physics A 943 (2015) 101–116 113

Fig. 9. Differential cross sections for elastic scattering of 47.8 MeV p̄ by 40Ca [15]. Solid curve for the best-fit empirical 
potential (row 1 of Table 2), dashed curve for 2009 Paris potential (row 3 of Table 2).

The poor agreement near the first minimum indicates that the microscopic potential is inadequate 
near the surface region of the nucleus. Indeed it is seen from Fig. 3 that whereas it might be pos-
sible for the P -wave part to add the extra absorption required, there is no chance that the real 
part of the P -wave amplitude will close the gap between empirical potentials and the in-medium 
microscopic potentials generated from the free-space amplitudes of the Paris potential. That is 
also the conclusion reached from inspection of Table 2. However, it must be emphasized that we 
have retained all along the S-wave amplitudes as given by the Paris potential. Therefore the dif-
ficulties with the P -wave part essentially mean that there are some inconsistencies between the 
two types of amplitudes, within the present model of handling amplitudes in the nuclear medium. 
A need to include a D wave above threshold in a microscopic model cannot be ruled out.

5.2. Annihilation on nuclei

There has been only a handful of measurements of annihilation cross sections of antiprotons 
on medium-weight and heavy nuclei at energies close to threshold, where the present optical 
model approach is being tested. In contrast, measurements of annihilation cross sections of an-
tineutrons on nuclei across the periodic table at seven momenta between 76 and 375 MeV/c were 
made by Astrua et al. [50]. These results have been compared [23,51] with predictions by empir-
ical optical potentials that fit quite well the few available p̄-nucleus annihilation cross sections. 
Here we compare these results with predictions by potentials based on the Paris 2009 amplitudes.

Fig. 10 shows, as an example, experimental annihilation cross sections for antineutrons on 
Sn (solid circles) and a single point (open square) for annihilation of antiprotons on the same 
target [52]. Calculations are shown as solid and dashed lines for the full δ

√
s model and for 

δ
√

s = ξNElab, respectively. The weak sensitivity to the model is due to the interaction being 
confined to the extreme surface region of the nucleus. The agreement with experiment for the sin-
gle p̄ point is very good. The sharp disagreement for the antineutrons was discussed in [23,51], 
based on empirical optical potentials. It persists also here when the potential is constructed from 
the Paris 2009 amplitudes. Very recently it was suggested by Bianconi et al. [53], using qualita-
tive arguments, that annihilation cross sections could be enhanced by the interaction between the 

 annihilation 
cannot be described 
by the optical potential 
determined by 
a global fit for 
antiprotonic atoms.

nA

E. Friedman et al., Nucl. Phys. A 943 (2015) 101



Antineutron-nucleus scattering lengths
● Indirectly determined by solving a 

Schrödinger eq. with the optical 
potential, 
which reproduces energy levels of 
antiprotonic atoms

 

●  

●  

● Absence of low-energy scattering 
measurement

2μUopt(r) = − 4π (1 +
μ
m ) b0ρ(r)

Re a0 = (1.54 ± 0.03)A0.311±0.005 fm
Im a0 = − (1.00 ± 0.04) fm
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cf. neutron scattering length

GISAXS Community Website

C.J. Batty et al. / Nuclear Physics A 689 (2001) 721–740 735

by adjusting the real and imaginary parts of the optical strength parameter b0. The s-wave
scattering length a0 was then calculated by solving the Klein–Gordon equation for l = 0
with the optical potential Vopt, but without the Coulomb potential, at an energy (1 keV)
close to threshold. Further details of the method are given in the earlier paper [31].
The experimental shift and width measurements were taken from the published literature

and cover the available target elements from C to Pr inclusive, omitting Yb since the
nucleus is deformed. The data set used is discussed and tabulated in [8,32]. For the
present work, single-particle distributions were used [8,32] for K(r) as these are expected
to be more appropriate for the analysis of antiproton data. In the previous analysis [31],
macroscopic density distributions were used.
The results of the present analysis are shown in Fig. 4 and are qualitatively similar

Fig. 4. Real (top) and imaginary (bottom) parts of the s-wave p̄ scattering length a0 calculated by
fitting to p̄ atomic data. The straight lines are a best fit to the calculated values for A > 10, see
Eq. (33).

Batty et al., Nucl. Phys. A 689 (2001) 721



Correlation between  and optical potentialan̄A
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Woods-Saxon type optical potential:  (R=5fm, a=0.5fm)V(r) = −
V + iW

1 + exp[(r − R)/a]

cf.   

→ V~103MeV and W=158 MeV for  (Batty et al., Nucl. Phys. A 761, 283 (2005))

V(r) = −
2π
μ (1 +

μ
mN ) b0ρ(r)

b0 = 1.3 + 1.8i fm

for a square-well potential with , 
 (radius) and 

W → − ∞
Re a → R Im a → 0



Neutron–antineutron oscillation
● violates both B and B-L (B: baryon number, L: lepton number) 
● test of Grand Unified Theory 

● Lower limit on oscillation time 
▷ ILL (1994) free neutron 

 
▷ Super-Kamiokande (2021) bound n 

τnn̄ > 8.6 × 107 s

τnn̄ > 4.7 × 108 s

28

Exp. Sensitivity vs Theor. Prediction
ILL           SK HK ESS              UCN (5yr)

SU(4)C with 
EC=200~250TeV

96%!

Post-Sphaleron Baryogenesis; K.S. Babu et al., Phys. Rev. D87, 115019 (2013)D.G. Phillips II et al., Phys. Rep. 612 (2015) 1 
K.S. Babu et al., Phys. Rev. D 87 (2013) 115019 
T. Shima, Symmetry 17 (2025) 1524  

M. Baldo-Ceolin et al., Z. Phys. C 63, 409 (1994). 
K. Abe et al., Phys. Rev. D 103, 012008 (2021).



Why is the scattering length important?
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nucleus is deformed. The data set used is discussed and tabulated in [8,32]. For the
present work, single-particle distributions were used [8,32] for K(r) as these are expected
to be more appropriate for the analysis of antiproton data. In the previous analysis [31],
macroscopic density distributions were used.
The results of the present analysis are shown in Fig. 4 and are qualitatively similar
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fitting to p̄ atomic data. The straight lines are a best fit to the calculated values for A > 10, see
Eq. (33).
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optimal condition for n–n̅ oscillation search: 
 and small Re Un̄ ≈ Un Im Un̄

evaluated using p̅-nucleus optical potentials, 
which reproduces X-ray energies of antiprotonic atoms

HF and T. Higuchi, 
PTEP (2026) 023C01



p̅A annihilation cross sections
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H. Aghai-Khozani, D. Barna, M. Corradini et al. Nuclear Physics A 1009 (2021) 122170

Fig. 6. Limits of the annihilation cross sections of antiprotons with kinetic energy (125 ± 10) keV on C, Pd, and Pt 
targets as a function of the antiproton momentum plab, indicated by blue, green, and red bars, respectively. The filled 
bar corresponds to the limits obtained under the constraint that the annihilation cross sections increase as a function 
of the target mass number and decrease as a function of the energy. We also assume that the σC

ann value is larger than 
σNe

ann measured at plab = 57 MeV/c. The empty bars represent the uncertainties on the limits including the statistical 
and systematic contributions. The cross sections measured in previous experiments are shown for reference. The various 
symbols indicate: ☆ for hydrogen (blue from Ref. [43], red from Ref. [44], green from Ref. [45], black from Ref. [46]), 
© for deuterium (blue from Ref. [47], red from Ref. [48], green from Ref. [49]), empty cross for He4 (blue from 
Ref. [50], red from Ref. [47], black from Ref. [51,52]), ! for He3 (from Ref. [53]), • for C (from Ref. [54,13]), ! for 
Ne (green from Ref. [42], red from Ref. [55]), ⋆ for Al (blue from Ref. [54], black from Ref. [56]), " for Ca (from 
Ref. [57]), ∗ for Cu (black from Ref. [54], green from Ref. [56]), × for Pb (red from Ref. [56], black from Ref. [57]), 
" for Ni from Ref. [12], • for Sn from Ref. [12], % for Pt from Ref. [12]. All the data represent annihilation cross 
section measurements with the exception of those from Ref. [48,49,51,52,54–57] which determined the reaction cross 
sections. In this energy range, however, the reaction and annihilation cross sections are approximately equal, since the 
contributions from processes such as inelastic scattering, charge exchange, and nucleon knock-out are small (i.e., a few 
percent).

In Fig. 5, the σ C
ann, σ Pd

ann, and σ Pt
ann values calculated using a black-disk model with corrections 

due to the Coulomb interaction [14] are indicated using filled squares. The theoretical values are 
consistent with the experimental results.

6. Conclusions

The data analysis of this work confirms the validity of our experimental technique and permits 
to determine limits on the annihilation cross sections of E = (125 ± 10) keV antiprotons on thin 
target foils of C, Pd and Pt. The results are plotted in Fig. 6 together with the existing data 
for various targets at energy E < 500 MeV. As shown in Fig. 5 a good agreement with the 
calculations of a black-disk model with Coulomb corrections is obtained.

13
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Summary of existing data and prospect
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FIG. 3. Summary of previously investigated low-energy (beam momentum lower than 100MeV/c) antinucleon–nucleon and
antinucleon–12C scattering. Beam momenta plab are indicated by open circles (for antiprotons) and filled circles (for antineu-
trons). Antineutrons produced by the backward charge-exchange reaction will extend the range of these studies down to
9MeV/c, as shown by the red arrows.

one is 3.31 ± 0.13mb/sr. Using the kinematical factor
d!lab/d!CM proportional to (pCM/plab)2 at ωlab = 0→,
the di”erential cross section in case of ωlab = 0→ (ωCM =
180→) in the laboratory frame can be estimated to be
4.7 ± 1.9µb/sr. The expected antineutron production
rate can be obtained from this cross section. Here we as-
sume a 0.44 g/cm2-thick LH2 production target, degrad-
ing the antiproton beam from 300MeV/c to 250MeV/c.
For an angular acceptance of ωlab < 5→, with the trans-
mission of antineutrons through the production target
taken into account, the yield is estimated to be → 1.0
antineutrons per AD spill containing 5↑107 antiprotons.
The extracted antineutrons will have momenta between
8.5 and 10.4MeV/c. This range can be tuned by ad-
justing the target thickness and by inserting a beam de-
grader.

III. APPLICATION TO ANTINEUTRON

SCATTERING EXPERIMENTS

The very low-energy antineutrons that can be pro-
duced with the method described in the last section will
open up possibilities for the study of antineutron scat-
tering in an energy range otherwise inaccessible, as can
be clearly seen in the summary of the existing data in
Fig. 3.

The key distinction between antineutron and antipro-
ton scattering is the absence, in the former, of the
Coulomb interaction. In antiproton scattering, the at-
tractive Coulomb interaction with the target nucleus in-
creases the maximum angular momentum achievable for
a given impact parameter; as a consequence of this ef-
fect, known as Coulomb focusing, high-ε partial wave
contributions at low energy are enhanced, while a precise

determination of the S-wave contribution by antiproton
scattering is hindered [50, 61, 62].
The absence of the Coulomb interaction also o”ers

technical advantages. While low-energy antiproton scat-
tering requires ultrathin (< 100 nm) targets in ultra-
high vacuum to minimize the energy loss [35], antineu-
tron scattering can be performed with thick targets in
air.

A. Antineutron–proton scattering

One particularly compelling case for study is the n̄p
system, for which experimental data are significantly
scarcer compared to the abundant statistics available for
the p̄p data, as discussed in Sec. IA.
The n̄p scattering has the following distinct features

that make it a unique probe for investigating NN̄ inter-
actions.

1. The n̄p system is a purely total isospin I = 1 state,
whereas the p̄p system consists of both I = 0 and
I = 1 states.

2. In antineutron-proton or nucleon-nucleon scatter-
ing, only S-wave contributes at su#ciently low
energy. On the contrary, in case of antiproton-
proton scattering, P -wave contribution does not
vanish even at zero energy because of the men-
tioned Coulomb focusing [61, 62].

As a result, n̄p scattering at low energy involves only 1S0
and 3S1 partial waves2 in I = 1. A partial-wave decom-

2
The standard spectroscopic notation,

2S+1
LJ for a partial wave

down to 9 MeV/c (40 keV)

?

100 keV antiprotons from ELENA



まとめ
●様々なNN̅ポテンシャルが提案されているが、それぞれ大きく異なる。 
●一部例外を除き、低エネルギー散乱断面積は採用されず。 
● s波散乱断面積を用いてs波散乱長をモデル非依存に決定したい。 

●反陽子原子を再現する反陽子‒原子核光学ポテンシャルは、反核子‒原子核の散乱
断面積をあまりよく再現しない 

●アイソスピン依存性を無視した  近似が原因？エネルギー依存性？ 

●同じくs波散乱断面積からs波散乱長をモデル非依存に決定したい。 
● s波散乱長 → 中性子‒反中性子振動探索においても重要なパラメータ

tρ
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