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A brief history

One of the first annihilations of an
. antiproton observed at the
. . Bevatron with a photographic
. : . SO, - o emulsion.
antiproto : / o X

- - A S—— - -~ . "~ .

B . o Wby ol o — | | Theantiproton enters from the left.
PIOTON ="t A N AN |

/5. 5N . opion., ..~ The fat tracks are from slow protons
N or nuclear fragments, the faint
\ - tracks from fast pions.

100 um

O Chamberlain et al., Nuovo Cimento 3 (1956) 447

- An antiproton is the antimatter counterpart of the proton.

- |t carries a negative electric charge, opposite to the positively charged proton.

. Discovered in 1955 by E. Segre and O. Chamberlain, the antiproton has the same
mass as a proton but a negative charge and opposite magnetic moment.

- When antiprotons encounter protons, they annihilate each other, releasing energy.
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EXPERIMENTS AT THE
LOW-ENERGY ANTIPROTON
RING (LEAR)

Th. Walcher
Ann. Rev. Nucl. Part. Sci. 1988. 38: 67-95

"A pronounced diffractive pattern is visible that can be reproduced very
well by an optical potential with a strong absorptive imaginary part
and a rather shallow attractive real part.

Evidently, such a potential is well defined only at the surface of the
nucleus because of the strong absorption. The inner part of the nucleus
plays practically no role since the antiprotons are essentially absorbed at
ranges where the nuclear density is 10% of the central value.”

(mb/sr)

do/df,,

many-body effects
suppressed?

Figure 3 The PS, AA, and LEAR accelerator complex at CERN.
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Past experiments
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G-parity Few remarks about antiproton physics

. G-parity is a multiplicative quantum number that results from the
generalization of C-parity to multiplets of particles. :

. G-parity is a combination of charge conjugation and a m rad rotation around g — C € (Zﬂ- IZ )
the 2nd axis of isospin space. Weak and electromagnetic interactions are not
invariant under G-parity.

As a consequence a dramatic change of the spin dependence of the interaction.

At very low energy, the nucleon-nucleon interaction is dominated by the spin-spin and tensor
contributions of the one-pion exchange. However, when the energy increases, or, equivalently, when one
explores shorter distances, the main pattern is a pronounced spin-orbit interaction. The tensor component
of the NN interaction is known to play a crucial role.

In the case of the antinucleon-nucleon interaction, the most striking difference occurs in the tensor

potential, especially in the case of isospin /= 0. A scenario with dominant tensor forces is somewhat
unusual.

In a scattering process, there is no polarization if the tensor component is treated to first order, but
polarization shows up at higher order.

Richard, Antiproton Physics, Frontiers in Physics, doi: 10.3389/fphy.2020.00006
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Few remarks about antiproton physics

Integrated Cross Sections

When one compares the values at the same energy, one sees that annihilation is more than half the
total cross section.

O tot O ann
300 200

Oann = O¢]

250 150

200 100
Plab Plab
250 300 350 400 200 300 400 500 600
Antiproton-proton cross section (in mb), as Antiproton-proton annihilation cross section (in
measured by the P5172 collaboration at LEAR mb), as measured by the PS173 collaboration.

Richard, Antiproton Physics, Frontiers in Physics, doi: 10.3389/fphy.2020.00006

Microscopic optical potentials for antiproton-nucleus scattering Physics and Astronomy Dpt. - University of Bologna



6

Few remarks about antiproton physics

Angular Distribution for Elastic

. do /dS)
and Charge-Exchange Reactions /
Angular distribution in elastic 14
bp — pp scattering (PS198 =
S 9 ) 10 0.697 GeV/c
The distribution is far from flat. .
High partial waves are believed to 5 =
play a very important role. o eemee e Mo cos
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Richard, Antiproton Physics, Frontiers in Physics, doi: 10.3389/fphy.2020.00006
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Few remarks about antiproton physics

The value of the analyzing power is sizable, but not very large.

It is compatible with either a moderate spin- orbit component of the interaction, or a rather strong tensor
force acting at second order.

An An
0.4 'IIITIf_L g o 0.4 } 697 MeV/c
L1l _ D;— 1T o= = T
- T o 672 MeV/c N Nl - EII
' — Il ' ' ‘ cos ¢ - cos &
-0 =-0.3"7-0.1| 0.1 0.3 0.5 -1. -0.8-0.6 -0.4 0. 02 04 0.6 0.8 1.
_02_ _02

PS172 collaboration PS198 collaboration

Richard, Antiproton Physics, Frontiers in Physics, doi: 10.3389/fphy.2020.00006
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Few remarks about antiproton physics

Potential Models

Historical way: the long range potential is the G-parity transformed of the Paris NN
potential, reqularized in a square-well manner, i.e., Vig(r < ro) = Vir(ro) with ro = 0.8 fm,
supplemented by a complex core to account for unknown short-range forces and for

annihilation
Vo +1 Wy
1 + exp(—(r — R)/a)

Ver(r) = —

The short-range interaction was taken as

spin and isospin independent, for model DR1 R = 0 fm, a=02fm, Vy=21GeV,
simplicity. Wo = 20 GeV
model DR2 R = 0.8 fm, a=02fm, Vy=0.5GeV,
W() = 0.5 GeV.
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Phenomenological model analysis of elastic and inelastic scattering
of =~ 180 MeV antiprotons from various nuclei

D. C. Choudhury and T. Gud | PR_C 39 (1987) 1883
Department of Physics, Polytechnic University, Brooklyn, New York 11201
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MICROSCOPIC ANALYSIS

OF ANTIPROTON-NUCLEUS ELASTIC SCATTERING

S. ADACHI' and H.V. VON GERAMB

NPA 470 (1987) 461
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Nucleon-Antinucleon Optical Potential Phenomenological interpretations
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Interaction of antiprotons with nuclel

Utility of antiproton-nucleus scattering for probing nuclear surface density distributions

K. Makiguchi,! W. Horiuchi®,!*" and A. Kohama ©?

PHYSICAL REVIEW C 102, 034614 (2020)

“In contrast to the proton-nucleus scattering, we find that the
complete absorption occurs even beyond the nuclear radius due
to the large pN elementary cross sections, which shows stronger

sensitivity to the nuclear density distribution in the tail region.”

Jaroslava Hrtankova *, Jiri Mares

Nuclear Physics A 945 (2016) 197-215

“Fully self-consistent calculations of p-nuclear bound states using a
complex p-nucleus potential accounting for p-atom data. While the real
part of the potential is constructed within the relativistic mean-field
(RMF) model, the p annihilation in the nuclear medium is described by a

16
10 | | ' Qet 1 ' _ phenomenological optical potential. We confirm large polarization
1014 Set2 ————-- - effects of the nuclear core caused by the presence of the antiproton. The
p annihilation is treated dynamically, taking into account explicitly the
1012 Zero-range el s
reduced phase space for annihilation from deeply bound states as well
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Future experiments

.
P g n ] |
) 'LD-E"
{

)

see A. Obertelli's talk @ ECT 2024 or Klink “THE PUMA EXPERIMENT AT ELENA AND ISOLDE" (2023)

Microscopic optical potentials for antiproton-nucleus scattering Physics and Astronomy Dpt. - University of Bologna



13

why is interesting antiproton-nucleus scattering?

» Predictive power
\N Accuracy

Convergence
‘ Many-body

We can study antiproton-nucleus systems to learn more about nuclei

N

Complementary approach to study nuclear systems

We can constrain and test the most recent chiral potentials

We can test multiple scattering theory (MST) outside the NN system

Microscopic optical potentials for antiproton-nucleus scattering Physics and Astronomy Dpt. - University of Bologna



»  Probes for the density profiles
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Hosftadter, Electron Scattering and Nuclear Structure
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A Probes for the density profiles
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»  Probes for the density profiles
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A Probes for the density profiles

parity violating electron scattering

(r) = 1 (neutron skin, but also Ow), atomic parity violation
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reconcile the neutron skin measurement on Pb by PREX-II
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. Probes for the density profiles
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: Probes for the density profiles
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Microscopic approach

Phenomenological
approach

QCD symmetries are consistently respected

QCD symmetries are not respected

Systematic expansion (order by order you
know exactly the terms to be included)

Expansion determined by
phenomenology (add whatever you
need). A lot of freedom

Theoretical errors

Errors difficult to estimate (bayesian
approach)

Two- and three-body forces belong to the
same framework

Two- and three-body forces are not
related one to each other

Both description belongs

to the same framework

Microscopic optical potentials for antiproton-nucleus scattering

ad-hoc prescriptions

21
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NN data

(but also NN data)

2 body
... and 3 body?

Microscopic optical potentials for antiproton-nucleus scattering
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Nuclear reaction theory
relies on reducing the
many-body problem to a
problem with few degrees
of freedom:

optical potentials.
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NN data

(but also NN data)

2 body
... and 3 body?
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Nuclear reaction theory
relies on reducing the
many-body problem to a
problem with few degrees
of freedom:

optical potentials.
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NN data

(but also NN data) Nuclear reaction theory

213 relies on reducing the
o

21z many-body problem to a

N | problem with few degrees

of freedom:
optical potentials.

The optical potential is used to describe the interaction between a projectile (such as a
nucleon or a nucleus) and a target nucleus. This potential has both real and imaginary

components.

Real Component It describes the average attractive or repulsive interaction between the
projectile and the target nucleus. It is responsible for the coherent elastic scattering, where
the projectile is deflected but neither absorbed nor inelastically scattered.

Imaginary Component It is crucial for describing absorption processes. It accounts for the
loss of flux from the elastic channel due to various non-elastic processes

Microscopic optical potentials for antiproton-nucleus scattering Physics and Astronomy Dpt. - University of Bologna



NN data

(but also NN data)

2 body
... and 3 body?

No fitting to empirical data

Effective interaction

Microscopic optical potentials for antiproton-nucleus scattering
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Nuclear reaction theory
relies on reducing the
many-body problem to a
problem with few degrees
of freedom:
optical potentials.
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NN data

(but also NN data)

2 body
... and 3 body?

No fitting to empirical data

Effective interaction

More predictive power where
no exp. data are available

N+A

Microscopic optical potentials for antiproton-nucleus scattering
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Nuclear reaction theory
relies on reducing the
many-body problem to a
problem with few degrees
of freedom:
optical potentials.

b
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The general goal when solving the scattering problem of a antinucleon (or a nucleon) from a nucleus
is to solve the corresponding Lippmann-Schwinger equation for the many-body transition

amplitude T

T =V +VGo(E)T

all two-body interactions

A
V: E Vo4
1=1

for the nucleon-nucleus case see
Vorabbi, Giusti and Finelli, Phys. Rev. C 93, 034619 (2016) and references therein

Microscopic optical potentials for antiproton-nucleus scattering

Green Function propagator

1
 FE — Hy + ie

Go(L)

Hy=ho+ Hyx

Hamiltonian

h kinetic term
0 of the projectile

Physics and Astronomy Dpt. - University of Bologna
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The general goal when solving the scattering problem of a antinucleon (or a nucleon) from a nucleus

is to solve the corresponding Lippmann-Schwinger equation for the many-body transition
amplitude T

T =V +VGo(E)T

0 i
@
Single Scattering

0
@—

Double Scattering

0
-

Triple Scattering

-+
[ ]
[ ]
[ ]

for the nucleon-nucleus case see
Vorabbi, Giusti and Finelli, Phys. Rev. C 93, 034619 (2016) and references therein
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The general goal when solving the scattering problem of a antinucleon (or a nucleon) from a nucleus

is to solve the corresponding Lippmann-Schwinger equation for the many-body transition
amplitude T

T =V +VGo(E)T

Spectator expansion o i
two particle interaction 1 = E 1o Single Scattering o
dominates the scattering 1

process

Toi = voi + vo;:Go(E)T,

Toi = voi + vo;Go(F) Z 1o, .
J

= Vo, -+ ’UOZ’G()(E)TOZ' -+ UOiGO(E) Z TO]
JF#

Triple Scattering

-+
[ ]
[ ]
[ ]

Watson multiple scattering
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The general goal when solving the scattering problem of a antinucleon (or a nucleon) from a nucleus

is to solve the corresponding Lippmann-Schwinger equation for the many-body transition
amplitude T

T =V +VGo(E)T
~

Let’s introduce the optical potential U

3 pio-

T:U+UGQ(E)PT Go, P} =0

n the case of elastic scattering,
P projects onto the elastic channel

U=V +VGy(E)QU p— A

(Pa|PA)

Microscopic optical potentials for antiproton-nucleus scattering Physics and Astronomy Dpt. - University of Bologna
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The general goal when solving the scattering problem of a antinucleon (or a nucleon) from a nucleus

is to solve the corresponding Lippmann-Schwinger equation for the many-body transition
amplitude T

T =V +VGo(E)T

transition amplitude T for elastic scattering

we need to calculate PUP

expressions for U are derived such that PUP can be calculated accurately
without having to solve the complete many-body problem

Microscopic optical potentials for antiproton-nucleus scattering Physics and Astronomy Dpt. - University of Bologna



34
The general goal when solving the scattering problem of a antinucleon (or a nucleon) from a nucleus

is to solve the corresponding Lippmann-Schwinger equation for the many-body transition

T, = PUP + PUPGy(E)T,

A A
U +Zﬁj+ Z Tijk & 7; = vo;i + v0iGo(E)T;
( ‘ (Pa|Ti|Pa) = (Pa|Ti|Pa) — (Pa|Ti|Pa)
1
(Pa|Ti|PA)

X :
(E—EA)—h()—l-Ze
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The general goal when solving the scattering problem of a antinucleon (or a nucleon) from a nucleus

is to solve the corresponding Lippmann-Schwinger equation for the many-body transition

1o PUP+PUPGQ( ) el

A
U Z Tii 4 Z
1,J 71 1, J7#LkFL,]
72 — Vo; _I_UO’LGO( )7A-7,

- . = To; + T0:Go( L) PTy;.

<(I)A‘Ti‘(1)A> — <(I)A‘T@‘(I)A> — <(I)A‘T’L‘(I)A> 02 0 O( ) 02
1
X B 4|7 | D
(E_EA)_h() i€< A|T‘ A>
1

Expanding the propagator  Gi(E) = (B D) — ho— hy — W, 1 ic

free t matrix

B ot

7i = vo; + v0iGi (E)T; = to; + toigiWiGi (E)T;

IMPULSE APPROXIMATION T; =~ t()i
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First-order optical potential

Kerman, McManus and Thaler, Ann. Phys. 8 (1959) 551 and many others

(7(q, K g}(q,ff )
Central component

UMq, K;E)= Y /dPn q. K,P)t,

N=p,n

Spin-orbit N=pn

1 /A
component - (P . 5\/

1

1 /A—-1
on | P+ = P

g X
A+1
q72 A
A—-1

Microscopic optical potentials for antiproton-nucleus scattering

/

q,Kw

A

‘ ___j_e___
- ) K
gq=k' — k.
A1 '
K P\ FE
HAte),
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Transition matrix

MKk, k,w) = (K|Mw)|k)

Microscopic optical potentials for antiproton-nucleus scattering

= —Ar°p (K'|t(w)]K)

The only relevant components for
0+ nuclei, for 1/2+ more amplitudes
must be included

Physics and Astronomy Dpt. -
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Scattering observables

38

M(]{?(),Q)

750
///__\\
é /?/ﬁ%g\ Fralho) = -
e
Il 20
) d
Nl ’ O
N N ~ <> 5Q
"\\\\“//// dQ
punuity

o(+9)

" m o(-6)

o(+0)#o(-0) U@ +L SU(r)
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Spin-flip amplitude

— A(ko,0) + o - N C(kg, 0)

LF; (ko)| Pr(cos®)

— F; (ko)| Pp(cos®)

Differential cross section

do

Analyzing power
—ql0) =14 O +1CO)

ORe[A*(0) C(6)]
A0)]° +1C(0)]

Ay(e) —

Spin rotation

SIm[A(6) O (6)
) =
Y=o+ o)

Rotation of the spin vector in the scattering plane, i.e.
protons polarised along the +x axis have a finite
probability of having the spin polarised along the % z axis
after the collision

L
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Densities

Microscopic optical potentials for antiproton-nucleus scattering
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Ab initio no core shell model

40

The basic idea of the NCSM is simply to treat all A
nucleons in a nucleus as active: write down

the Schrodinger equation for A nucleons and then
solve it numerically.

This approach avoids essentially all of the difficulties
of the perturbative approaches (like problems related
to excitations of nucleons from the core).

Being a non-perturbative approach, there are no
difficulties related to convergence of such an expansion.
It may also be formulated in terms of an intrinsic
Hamiltonian, so as to avoid spurious COM motion.

Problems:
(1) need for larger basis spaces

ADb initio no core shell model

Bruce R. Barrett?, Petr Navratil, James P. Vary ¢*

Progress in Particle and Nuclear Physics 69 (2013) 131-181

(2) need for effective many-body forces, in order to treat all of the complexity of the excited-states.

Microscopic optical potentials for antiproton-nucleus scattering
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Ab initio no core shell model

- In the ab initio no core shell model we consider a system of A point-like non-relativistic nucleons
that interact by realistic two- or two- plus three-nucleon interactions.

- We employ NN potentials that fit nucleon—-nucleon phase shifts with high precision up to a
certain energy, typically up to 350 MeV.

. In the NCSM, all the nucleons are considered active; there is no inert core like in standard
shell model calculations. Hence, the “no core”in the name of the approach.

B 1 (pl p])2 L
HA — Trel +V = Z Z Z VNN ] Z VNNN,ijka

1<]J 1<]J i<j<k

m is the nucleon mass Vinii is the NN interaction

. . . VNN, IS the three-nucleon interaction
Progress in Particle and Nuclear Physics 69 (2013) 131-181 ’
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Ab initio no core shell model: the basis

NCSM uses the harmonic-oscillator (HO) basis, truncated by a chosen maximal total HO energy (Nmax) of the A-nucleon system.
The reason behind the choice of the HO basis is the fact that this is the only basis that allows for the use of single-nucleon
coordinates without violating the translational invariance of the system.

As a downside, one has to face

=, . , A the consequences of the
@nim (13 b) = Ry (r; b)Y (1), incorrect asymptotic behavior

\ of the HO basis.
Jacobi’s coordinate

S |(nlsjt; N L)T).
I

antisymmetrized states

l

NJT) = ) _(nisjt; ¥ LZ|INJT)|(nlsjt; & L)IT)

Slater determinants for A greater than 3
Progress in Particle and Nuclear Physics 69 (2013) 131-181

Microscopic optical potentials for antiproton-nucleus scattering Physics and Astronomy Dpt. - University of Bologna



43

Ab initio no core shell model: the interaction

Ab initio NCSM calculations uses a truncated HO basis but the nuclear interactions act in the full space. As long
as one uses soft potentials, such as the Viowk and SRG NN, convergent NCSM results can be obtained (the

similarity transformation softens the interactions and generates effective operators for all observables while
preserving all experimental quantities in the low-energy domain).

The situation is different when standard NN potentials that generate strong short-range correlations are used.

k2 (fm-2) k2 (fm2) k2 (fm-2) k2 (fm2) k2 (fm2)
8 12 0 4 8 12 0 4 8 12 0 4 8 12

v 4 3
N\

A =20fm" A =15fm" A =1.0fm’

A-=3.0 fm

T The derived “effective” interactions still act among all A
H, = U,H; - U, nucleons and preserve all the symmetries of the initial or

“bare” NN +NNN interactions.
dH,

dr
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An alternative approach: Self-consistent Green’s functions

(; = G(O) + G(O) Y (7 Dyson equation

unperturbed Green'’s function

Through the one-body Green’s function:

\

many-body effects contained in the self-energy >

\\
4 h
10% [~
~
~

Hamiltonian

e Chiral EFT
Bare NNLOsat
Bare NN-+3NInl

o Effective 3NF

Basis parameters

e ({2 = 10 to 14 MeV
o N,oy =11 — 13

Exp. (151 MeV)

Exp. (201 MeV)

Exp. (301 MeV)
NN+3NInl (151 MeV)
NN+3NInl (201 MeV)
NN+3NInl (301 MeV)
NNLOsat (151 MeV)
NNLOsat (201 MeV)

N B NNLOsat (301 MeV)

S~
-~
-~
-~
~
~
~
~
~

» Ground-state energy

- One-body observables (radii, densities...)

» Spectroscopy of the A + 1-body systems
. Elastic nucleon-nucleus scattering
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S~
~
~
\\
~

SS

N
~ RO 4

-1 \00 v A
107+ O ©
10—2_
103+ -

0.4 0.6 0.8 1.0 1.2 1.4

Qerr [FM™1]

Arthuis, Barbieri Vorabbi, Soma and Finelli,

AD Initio Computation of Charge Densities for Sn and Xe Isotopes

44
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For heavy systems, a simpler approach: matter densities from DFT

Typel and Wolter, Nuc. Phys. A 656 (1999) 331

B | | | | | | | | | | | | | | | | | | | | | | | _ 1.4 B
L
0.08 — — )
B 7 fv 1ol
. 0.06 — — =]
o‘)E n - 0.8 F
o I _ |
} i i 0.6
~ 0.04 — 14
G - T o
Q. - 7 |
- . 1.2 f
0.02 — — 3
L - :3 1.0 F
. _ 2
i ] S
i | | | | - T
co0O —mmm——mF —«7 — ' Density-dependent couplings
0 1 = 3 4 N
0.0 1.0 2.0 3.0 4.0 5.0
r (fm) ol

e [ ( @4<w) @ AD MA(y))_(m,@@]w

DDME1 parametrization

:I T. Niksi¢, D. Vretenar, P. Finelli and P. Ring

IF(m Flom | 2 40 . 4@k _ 1F(y>F(ymv

2 JIry 2 Ly Phys. Rev. C 66 (2002) 024306
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NN potentials

Microscopic optical potentials for antiproton-nucleus scattering
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basic features of NN potentials

47

In the limit where the neutron-to-proton mass difference can be
neglected, as well as Coulomb corrections, the NN system obeys
Isospin symmetry:

- antiproton—neutron is pure isospin | =1

- while pp and nn, with |3 =0, are combinations of | =1 and | =0

. [I=1+1=0)
Pp) = 7 ,

so that the elastic and charge-exchange amplitudes are given by

Eberhard Klempt?, Franco Bradamante®, Anna Martin®, Jean-Marc Richard®¢ *

Antinucleon—nucleon interaction at low energy:
scattering and protonium

Physics Reports 368 (2002) 119

nn) =

v

1)~ |1 =0)

V2

TP —Pp)=2(Txn+ T xn) Z(Pp— in)=12(T o — 7 n)

G-parity

to multiplets of particles.

G-parity is a multiplicative quantum number that results from the generalization of C-parity g C (7,7'(' _[2 )

G-parity is a combination of charge conjugation and a 1 rad rotation around the 2nd axis of
iIsospin space. Weak and electromagnetic interactions are not invariant under G-parity.

Microscopic optical potentials for antiproton-nucleus scattering
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a little bit of history *

The NN potential is generated by a G-parity-transformed Nijmegen model-D potential plus
a phenomenological short-range potential: Antinucleon-nucleon potential

P. H. Timmers, W. A. van der Sanden, and J. J. de Swart
o.l. [mb] nstitute for Theoretical Physics, University of Nijmegen, Nijmegen, The Netherlands

PRD 29 (1984) 1928

20‘0
Vph(r)= VC"I" V5551'32+ VTSlgmer
1 d

t Vo L' S—— — |V

100

1
| Vws(r)= 1
100 200 300 400 500 +exp(m,r)
Tiap [MeV]
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Measurement Incoming p momentum (MeV/c) Experiment
Integrated cross sections
oot (PP) 222-599 (74 momenta) PS172
181,219,239,261,287,505,590 PS173
oann(PpP) 177-588 (53 momenta) PS173
38-174 (14 momenta) PS201
pp elastic scattering
o =Re f(0)/Im f(0) 233,272,550,757,1077 PS172
181,219,239,261,287,505,590 PS173
do /d2 679-1550 (13 momenta) PS172
181,287,505,590 PS173
439,544,697 PS198
Aon 497-1550 (15 momenta) PS172
439,544,697 PS173
Donon 679-1501 (10 momenta) PS172
pp charge exchange
do /d2 181-595 (several momenta) PS173
546,656,693,767,875,1083,1186,1287 PS199
601.5,1202 PS206
Aon 546,656,767,875,979,1083,1186,1287 PS199
Donon 546,875 PS199
Knoon 875 PS199

Microscopic optical potentials for antiproton-nucleus scattering
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Haidenbauer, Antiproton-proton interaction from chiral effective field theory
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the most recent Plane Wave Analysis

Energy-dependent partial-wave analysis of all antiproton-proton scattering data below 925 MeV/c

Daren Zhou and Rob G. E. Timmermans

PHYSICAL REVIEW C 86, 044003 (2012)

KVI, Theory Group, University of Groningen, Zernikelaan 25, NL-9747 AA Groningen, The Netherlands

- Energy-dependent partial-wave analysis of all
antiproton-proton elastic (pp — pp) and charge-

exchange (pp — nn) scattering data below 925
MeV/c antiproton laboratory momentum.

- The relevant long-range parts of the
electromagnetic and the one- and two-pion
exchange interactions are included exactly, where
the short-range interactions, including the coupling
to the mesonic annihilation channels, are
parametrized by a complex boundary condition at a
radius of r=1.2 fm.

- They concluded that chiral effective field theory
provides an excellent long-range antinucleon-
nucleon interaction.

Microscopic optical potentials for antiproton-nucleus scattering
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criticism

. Some NN scattering data are

incompatible

- Prejudice in favor of pre-LEAR (pre 01|

1980) data
« Uniqueness of solution

- no Pauli principle, phase shifts are
complex: 4 X more PW’s than in NN!

few polarization data

the most recent Plane Wave Analysis

Energy-dependent partial-wave analysis of all antiproton-proton scattering data below 925 MeV/c

Daren Zhou and Rob G. E. Timmermans
KVI, Theory Group, University of Groningen, Zernikelaan 25, NL-9747 AA Groningen, The Netherlands

PHYSICAL REVIEW C 86, 044003 (2012)

100
re)
S
S 1
RS
©
O
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do/dQ(mb)

0.01
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NN potentials from ChPT
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« Chiral EFT relies heavily on the approximate
spontaneously broken chiral symmetry of QCD.

» This symmetry/symmetry-breaking pattern of QCD
strongly constrains the interaction of pions which play
the role of the corresponding Goldstone bosons.

- |t also implies that pion- and pion-nucleon low-energy
observables at external momenta Q~My can be
computed in a systematic way via a perturbative
expansion in powers of Q//\,

Antinucleon-nucleon interaction at
next-to-next-to-next-to-leading order in chiral
effective field theory

Ling-Yun Dai,” Johann Haidenbauer® and UIf-G. MeiBner®®

JHEP 07 (2017) 078
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NN potentials from ChPT >
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A new local regularization scheme has
been used for the pion-exchange
contributions

b ()]

The contact interactions are non-local
anyway. In this case they use again the
standard nonlocal regulator of
Gaussian type.

f(p',p) = exp <—pm +pm)

Am

Antinucleon-nucleon interaction at

next-to-next-to-next-to-leading order in chiral
effective field theory

oee Ling-Yun Dai,” Johann Haidenbauer® and UIf-G. MeiBner®®

JHEP 07 (2017) 078
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from ChPT
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1=0°S,

| 1=0°D,

—Nn 3
[ 1=0°P,

0 100 200 30
Tlab (MeV)

Real and imaginary parts of various NN phase shifts at N3LO for cutoffs R=0.7 — 1.2 fm
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Phase shifts NN potentials from ChPT JHEP 07 (2017) 078
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pp integrated cross sections NN pOtentlalS from
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pp elastic cross sections NN potentials from ChPT HHER 072017078

100 - . 1.0 1.0
1 p.,—200 MeV/c
v Conforto 1968
o <« Sakamoto 1982
’g E Cresti 1983
2 i
£
G
O 14
0
©
¢ *° NLO NLO 0.1
— — N°LO N°LO 100 ——————
3 3 1p.,,=700 MeVic
— N~"LO N°LO -
v Elsenhandler 1976
Bertin 1989
= %1 4 Kohno 1972
I
£
G
D 1,
o) :
© -0.5- 1 -05-
<« Bertini 1989 | _ _
\ »  Kimura 1982 =  Kunne 1991
0.1 — VN2 . . . - -1.0 - . - . . . . -1.0 . . . . . . .
1.0 0.5 0.0 0.5 1.0 1.0 0.5 0.0 0.5 1.0 1.0 0.5 0.0 0.5 1.0
cos0 cos0 cos0
—. . — PWA; —— N3LO; - — —= N2LO; --- NLO

Microscopic optical potentials for antiproton-nucleus scattering Physics and Astronomy Dpt. - University of Bologna

57



pp charge-exchange cross

sections
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NN potentials from ChPT: a recent alternative
180 er——T——T——T—— — T Antinucleon-nucleon interactions in covariant chiral effective field theory
= | e 1180 | ago_ 1180 -
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Results with NCSM densities

Differential cross section as a
function of the center-of-
mass scattering angle for
elastic antiproton scattering

off '2C at 180 MeV,
computed at different chiral
orders.

do/d€2 [mb/sr]

0 [deg]

Elastic Antiproton-Nucleus Scattering from Chiral Forces
PHYSICAL REVIEW LETTERS 124, 162501 (2020)
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Results with NCSM densities

do/dS2 [mb/sr]
do/dS2 [mb/sr]

0 10 20 30 40 50 60
0 [deg]
C.11.

Elastic Antiproton-Nucleus Scattering from Chiral Forces
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Results with NCSM densities
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Results with NCSM densities >
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Results with NCSM densities
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the target density computed without the
SRG procedure, while the dash-dotted
line has been obtained with the target
density computed with only the NN
interaction and without the SRG
procedure.
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What about SCGF densities?
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SCGF and NCSM densities both
reproduce well the experimental data
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What about SCGF densities?

— SCGF

preliminary results
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SCGF approach allows to study heavier
nuclei (medium mass range)
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At relatively low energy experimental data
are better reproduced respect to the NN case
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Heavy nuclei (only DFT)
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- For the first time, a full microscopic description of elastic antiproton
scattering off light nuclei (but not light anymore...)

In-medium contributions and many-body forces appear to be rather small

- To describe low-energy observables, the impulse approximation has to
improved

« Annihilation processes in the near future

Thanks!
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