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Executive Summary (1) % SCIENCE TOKYO

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 (Np) scattering = isospin-1 NN interaction

antineutron-nucleus (nA) 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-1-261 (May 2025)
HF and T. Higuchi, Prog. Theor. Exp. Phys. 2026, 023C01 (2026)
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antineutron—proton system antineutron—nucleus system

Ccross-section measurements: O.ls> Oanns Otot

scattering theory (s-wave) | o, ~ 4z |a|*(1 — 2ak) low-energy is the key
 =R-p<h/2 A for the evaluation of
R~(nuclear size)<10 fm Oann ~ —dy — 871'6112 scattering Iengths!
pP~9 MeV/c k

BSM physics

fscattering length: Az, scattering length: a_, \

cf. antiproton-proton scattering,

protonium (antiproton-proton bound system)

Fermi pseudopotential for

ultracold antineutrons
optical potential k2 A+ 1

U®r) = V(r) — iW(r) Ui = N 1 i

— ) m
NN interaction models cf. antiproton-nucleus scattering, input “Ultracold” < 200 neV
\ antiprotonic atom spectrosy
kn-ﬁ oscillation searchJ

comparison

antineutron-nucleus




Executive Summary (2) % SCIENCE TOKYO

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 (pA) scattering = antiproton-nucleus interaction

prospect: antiproton-proton (pp) scattering using carbon and CH5 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



NN interaction and NN interaction % SCIENCE TOKYO

One-boson-exchange models
VNN= Vn+V2n+Vn+Vp+Va)+"'
G-parity transformation
Viw= =V, + Vo, +V, +V, =V, + -
The short-range part is replaced by an annihilation potential V, + W,
NN Paris potential = NN 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.
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NN strong cross sections
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Table 2 S-wave NN low energy parameters (in fm) for the considered
optical models: Jiilich 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

ao ro ao ro
T=0 g, 3'SD |
Nijm* —0.17 -1.01i —6.9-291 - -
Jiilich —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 3Ly 38D
Nijm* 1.02 -0.60i 0.7-1.2i - -
Jiilich 1.05 -0.58i — 0.44-0.96i -
Paris 09 0.76 —0.56i 0.9-3.9i 0.61-0.44 -
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 -
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Partial Wave Analysis
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for elastic (pp — pp) and charge-exchange (pp — nii) scattering data

TABLE III. Reference table of antiproton-proton scattering data with p,, < 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.,* Norm Predicted Rejected! Ref. Comment
(MeV/c) type® X2 error (%)" norm¢
119.0-923.0 50 o 46.5 4 1.058 <385.0, #=8; 468.0 [45] k,m
176.8-396.1 5 Oam 94 4.4 0.949 176.8 [46]
181.0 46 doy — 5 — All [47,48] )10
183.0 13 do. 13.3 5 1.002 0.940,—0.170,—0.574 [49]
194.8 19 doy — 4 — All [50] f.1,0
200.0-588.2 48 Oann 52.5 2.2 0.989 [46,51]
221.9-413.2 45 0o 55.3 o0 0.961 221.9, 229.6, 254.9, 260.8,

280.3, 289.1, 394.2, Norm [52]
875.0% 9Dy, ce 5.1 — — [74,88] q
875.0% 5K,y ce 5.9 — — [89] q
886.0 34 dog — o0 — All [71] h.1
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 doy — o0 — All [90] f.e
910.0 21 Ay o 12.9 5 0.990 [90]

400 _—
Brueckner et al. (1987, 1990) ———
Nakamura et al. (1984) —— |
Clough et al. (1984) ——=—
300 r Bugg et al. (1987) -
\ PWA ——
S /Gtot
é 200 -
©
100 r
O 1 1 1 1 1 1

100 200 300 400 500 600 700 800
Pap(MeV/c)

D. Zhou and R. G. E. Timmermans,
Phys. Rev. C 86, 044003 (2012)
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Chiral Effective Field Theory

LO

o N2LO: X.-W. Kang, J. Haidenbauer, U.-G. MeiBner, JHEP 02, 113 (2014)
NLO B N3LO: L.-Y. Dai, J. Haidenbauer, U.-G. Meil3ner JHEP 07, 078 (2017)
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N2LO * Hamilton 1980 | 400 <« Spencer 1970 | INLO \ W TTINLO
> Clough 1984 _ ¢ Brando 1991 TTINLO N\ INLO
3 80 - 55- .
Q = Bugg 1987 3004 o PWA2012 v Zenoni 1999 v Zenoni 1999
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_ < Bertin 1996 _ o < Bertin 1996
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\6 10 50 are described in the text. The results of the PWA [32] are indicated by circles. Data are taken
from [104-107].
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Figure 15. Total (o) and integrated annihilation (o.n,) cross sections for np scattering. Nota-
tions are described in the text. Data are taken from refs. [109-111]. 1 2




X(1835) or p|5 FSIlin J/lp decay? SCIENCE TOKYO
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Elastic scattering from Chiral Forces % SCIENCE TOKYO

\

microscopic optical potential, constructed with chiral pN forces

+ nuclear densities obtained from ab initio calculations (NN and 3N interactions)

p—
)

p—
-
— [\ (O8]

[
-)

[
-

A W o . o

do/d€2 [mb/sr]
=

[a—
)

180 MeV
*He (p.p) He
| I | I | I | |

0 20 40 60 80 100

ek
-

[
)

do/dQ2 [mb/sr]

do/d€2 [mb/sr]
do/dQ [mb/sr]

178 MeV
-1 - - -
10°E 0 (pp)°0 0°E o @p) 0

-2 ] | ] | ] | ] | ] | ] -2 ] | ] | ] | ] | ] | ]
0 10 20 30 40 50 60 0 10 20 30 40 50 60

0, [deg] 0, [deg]
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Low-energy np scattering % SCIENCE TOKYO

\

B '- 'Iazlzi e"t al.'(20’OO) """" j 400 1 G, np @ 1
. . . — o0 + Armstrong et al. (1987) + Armstrong et al. (1987)
p u re Iy I n th e ISOS p I n 1 Ch a n n eI _ I —— Present work 300 x Gunderson et al. (1981)
only adopted in a recent work on s il L
the Paris potential updated in 2009. e o THEEE L
- (c) Ot 1P
T,  (MeV) T, (MeV)

I\/Iany parameters (spin, isospin, partial wave) Paris '09: B. El-Bennich, .M. Lacombe, B. Loiseau,
. . and S. Wycech,Phys. Rev. C 79, 054001 (2009)
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Figure 15. Total (o) and integrated annihilation (o.ny,) cross sections for np scattering. Nota-
tions are described in the text. Data are taken from refs. [109-111].

Chiral EFT: L.-Y. Dai, J. Haidenbauer, U.-G. MeiBner JHEP 07, 078 (2017) .



Low-energy np scattering % SCIENCE TOKYO

Only S-wave scattering is important in case of ik = p; ., /2 S 25MeV/c
scattering amplitude: f,_, = 1/(kcot o — ik)
kcoto ~ — 1/a = a = ap —io; (o > 0) in the low-energy limit

scattering length: a = ap — iay (a1 > 0)

47
elastic scattering cross section: ¢, = ~ 4r|al*(1 — 2a;k)
az + (a; + k)?
R
o . dr ay dr ,
annihilation cross section: ¢, = R —a; — 37ay

k a3+ (a+ k2 k

16
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np annihilation at OBELIX % SCIENCE TOKYO

S, P and D-wave parameters from the fit of o®P  up to 400 MeV/c.

anmn
3 5 2
ai(fm) r1(fm) b (fm?®) Ri(fm) c1(fm>) p1(fm) AL
0.37 + :0.53—-1.5 4+ 21.67 0.82 +1:0.11 0.21 — 20.43 0.086 + :0.019 —2.17 + 2.6 9.5/5
R0 X /rdi 9486 /S < 12 -
% g | Pl 03720+  0.9086E-02 =
o 0 [ P2 05350+  0.7817E-02 3
[ P3 1498 + 0.1881 .. | Swove
800 - P4 1.674 +  0.1935E-01 %’ 1
} PS 08167 £  0.2650E-01 =
700 1 P6 01070+  0.1360E-01 ,
: P7 0.2060 +  0.1802E-01 0.8
600 |- P8 04280 +  0.3491E-01
i P9 0.8560E-01 +  0.7183E-02
500 P10 0.1926E-01 +  0.1997E-02 0
' P11 2174 + 0.2438 |
400 | Pr2 264+ 03430
300 |- 04
200
; 0.2 }
100 |- D/woii//
:__--i--r"L"".".:—L_L PO DOV EE R NN TSIV I WPy [ . Y 7 LN TR 0 L 12 b ———T | L e JV-
50 100 150 200 250 300 350 4 50 100 150 200 250 300 350 400
Antineutron Momentum (MeV/¢) Antineutron Momentum (MeV/c)

A. Bertin et al., Nucl. Phys. B 56A (1997) 227c
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Low-energy pp scattering (annihilation) % scencetoxvo

Due to attractive Coulomb interaction

o x v_*instead of o xx v} 37
, . :/5 70
p-wave doesn’t vanish even when E—20 %
65
Coulomb-corrected scattering lengtha,. .. -
can be deduced as follows: ss |
w 871> Im (—as/B) 50 —
T om(S-Wave) = 7 r |1+ igw(n)as|®’ ) :
45
where: :
- = —1/gB is the dimensionless Coulomb param- 0 L
eter with B the gp Bohr radius;
- w(x) = ¢§(x) — 2ixh(x) is an auxiliary function 35 Carbonell et al., Phys. Lett. B 397 (1997) 345.
with gBw(n) — 27 when g — 0; - § ' Total
- ¢} and h are the usual functions in the Coulomb 50 [ N e S—wave
SCatteI‘ingtheory :x|11111|1I1\\1111|||||;:1111[||l
0 50 100 150 200 250 300
2 B 27X . : D MeV,/c)
co(x) = exp(2mx) — 1’

J. Carbonell et al., PLB 397 (1997) 345

h(x) = 1 [¥(—ix) + ¥(ix)] — 11n (x?
(x) = § [¥(~ix) + ¥ (i0)] ~ 310 () A. Zenoni et al., PLB 461 (1999) 405
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CERN AD (Antiproton Decelerator)
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Novel concept: low-energy antineutron production

300 MeV/c antiprotons from CERN-AD (Antiproton Decelerator)

’ Institute of

g SCIENCE TOKYO

arXiv:2503.06972

Py = 9MeV/c (40 keV) antineutrons can be backward-produced in charge-

exchange reaction ( pp — nn )

1.0 antineutrons per cycle (~2min.) = scattering experiments feasible
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Strong interaction in exotic atoms SCIENCE TOKYO
C.J. Batty et al., Phys. Rep. 287 (1997) 385
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CERN PS209 (investigation of nuclear periphery) SCIENCE TOKYO
— /2\1/2 2\1/2
A. Trzcinska et al., Hypertine Interact. 194 (2009) 271 Arnp — <}’ >n — <r >p
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V) = —4ani — r D10\ I n/p
H opt m 0F 1 + eXp[(r — Cn/p)/an/p]
p(r) = p,(r) + p,(r) by =25+ 3.2 D0 1 with ¢, = ¢,
op(r) = p,(r) — p,(r) C.J. Batty et al., Nucl. Phys. A 592 (1995) 487
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Revisiting the isovector term

— Institute of

g SCIENCE TOKYO

Uop(r) = = 47 1+ ) (bop(r)+b5p(7)

Inclusion of the isovector (5,) term did not

improve the y?/ndf in the global fit.
Many literatures ignores the isovector term.

Levels are sensitive only to extremely outer,

low density ( < 0.1p,) regions, where neutrons

dominate over protons.
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see also
E. Friedman and A. Ga

E. Friedman et al., Nuc

_NIM B 214 (2004) 160
_Phys. A 761 (2005) 283
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Open questions about NA interactions % SCIENCE TOKYO

—S wave amplitude (fm)

Paris ‘09 Potential
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Does b, happen to be consistent with zero,

even if pp and pn interactions are different?
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E. Friedman et al., Nucl. Phys. A 943 (2015) 101

400

nA annihilation

cannot be describead
by the optical potential

determined by
a global fit for
antiprotonic atoms.
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Antineutron-nucleus scattering lengths

Indirectly determined by solving a
Schrodinger eqg. with the optical
potential,

which reproduces energy levels of

antiprotonic atoms

2uU,(r) = — 4 (1 + ﬁ) bop(r)
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ct. neutron scattering length
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Batty et al., Nucl. Phys. A 689 (2001) 721
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Correlation between «, and optical potential SCIENCE TOKYO
, , V+iWw
Woods-Saxon type optical potential: V(r) = (R=5fm, a=0.5fm)
1 +exp[(r — R)/a]
Re(a) [fm] [Im(a)| [fm]

120 - . 1207 1.75

100 100 -
; '5-60§ ; -1.605
£ o0 : E o 5
= -5.452’ = 1.455

60 60 -

40 40

20 204140 ::f; 3 B

|||500 _ 20 \(ER\/Z228\ §§)/ |||100
20 40 60 100

V [MeV]

for a square-well potential with W — — oo,

2
cf. V(r) = i 14 bop(r) .

u My Rea — R (radius) and Ima — 0
— V~103MeV and W=158 MeV for b, = 1.3 4+ 1.8i fm (Batty et al., Nucl. Phys. A 761, 283 (2005))
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Neutron-antineutron oscillation

» violates both B and B-L (B: baryon number, L: lepton number)

» test of Grand Unified Theory

ILL SK  HK ESS UCN (5yr)

O

o

(00)
el

o Lower limit on oscillation time

. 0.06 - 4
> ILL (1994) free neutron =
t > 8.6 X 10’s = _

96%! -
> Super-Kamiokande (2021) bound n 002
7> 4.7x108s L

M. Baldo-Ceolin et al., Z. Phys. C 63, 409 (1994).
K. Abe et al., Phys. Rev. D 103, 012008 (2021).
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D.G. Phillips Il et al., Phys. Rep. 612 (2015) 1
K.S. Babu et al., Phys. Rev. D 87 (2013) 115019
T. Shima, Symmetry 17 (2025) 1524
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Why is the scattering length important? %5 science rokvo

optimal condition for n-n oscillation search: HF and T. Higuchi,
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Re U, ~ U, and small Im U, PTEP (2026) 023C01

a, = (1.54 £ 0.03)A 210095 51,00 £ 0.04) fm

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

10 B ]
/ : 1.5 F T - ) _
— T E - * T } "{ ]
Eo [ X2 - ;;, 1 L { __{ ® .IET - 1 h d -
4] $
g : E |- b ] } | I
0.5 {
1L | i 1
I .1 L L 1 PR SR 1 1 . Lo | O | L1
1 10 100 100

Batty et al., Nucl. Phys. A 689 (2001)"721 20



Institute of

SCIENCE TOKYO

PA annihilation cross sections

(Coulomb-corrected) scattering length? [ = R - p < 7/2]
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Summary of existing data and prospect

100 keV antiprotons from ELENA
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