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Few-nucleon reactions

3N dynamics with ∆-isobar excitation

Results for 3N hadronic and electromagnetic reactions

4N dynamics with ∆-isobar excitation

Results for low-energy 4N scattering



2N potential with ∆-isobar excitation

Exchange of π, ρ, ω and σ mesons



2N potential with ∆-isobar excitation

Exchange of π, ρ, ω and σ mesons

∆-isobar: lowest excitation of the nucleon, resonance
of the pion-nucleon scattering in P33 partial wave at
1232 MeV c.m. energy

Description below pion-production threshold: stable
baryon of mass 1232 MeV with spin and isospin 3
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Effective 2N force

Modification of the purely nucleonic potential part due
to explicit ∆-isobar excitation

+ + + . . .



Effective 2N force

Modification of the purely nucleonic potential part due
to explicit ∆-isobar excitation

+ + + . . .

New fit to 2N data

χ2/datum

pp np pp+np

CD Bonn 1.01 1.02 1.02
CD Bonn + ∆ 1.01 1.02 1.02



Effective 3N force

Fujita-Miyazawa force
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Effective 3N force

Fujita-Miyazawa force

Exchange of π, ρ, ω and σ mesons,
consistency with two-baryon potential



Effective 3N force

Fujita-Miyazawa force

Exchange of π, ρ, ω and σ mesons,
consistency with two-baryon potential

Irreducible 3N forces without consistency,
only π meson, static approximation for ∆-isobar,
but may include other processes



Electromagnetic current



Electromagnetic current



Effective 2N and 3N currents

Consistency with two-baryon potential



3N scattering

Symmetrized Alt, Grassberger, and Sandhas equations

U = PG−1
0 +PT G0U

U0 = (1+P)G−1
0 +(1+P)TG0U

T = v+ vG0T

G0 = (E + i0−H0)
−1

P = P12P23+P13P23



3N scattering

Symmetrized Alt, Grassberger, and Sandhas equations

U = PG−1
0 +PT G0U

U0 = (1+P)G−1
0 +(1+P)TG0U

T = v+ vG0T

G0 = (E + i0−H0)
−1

P = P12P23+P13P23

Inclusion of Coulomb:
screening and renormalization



pd elastic scattering at low energies
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pd elastic scattering at higher energies
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Comparison with Urbana IX 3NF
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Competition of dispersive and 3N force effects
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pd breakup: space-star anomaly
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nd breakup at 65, 135, and 200 MeV: analyzing power
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pd radiative capture
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3He(e,e′): transverse response function
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4N system

“theoretical laboratory” to test models
of nuclear interaction

n+ 3H → n+ 3H

p+ 3He → p+ 3He

p+ 3H
n+ 3He
d +d


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4N scattering: symmetrized AGS equations

two-cluster 1+3 and 2+2 transition operators

U11 = − (G0 T G0)
−1P34−P34U1G0 TG0U11+U2G0 T G0U21

U21 = (G0 TG0)
−1(1−P34)+(1−P34)U1G0 T G0U11

U12 = (G0 TG0)
−1−P34U1G0 T G0U12+U2G0 T G0U22

U22 = (1−P34)U1G0 T G0U12

U j = PjG
−1
0 +PjT G0U j

P1 = P = P12P23+P13P23

P2 = P̃ = P13P24

T = v+ vG0T

scattering amplitude T f i = S f i〈p f φ f |U f i|piφi〉

|φ j〉 = G0T Pj|φ j〉



∆ in 4N system: effective 2N and 3N forces

2N dispersion

Fujita-Miyazawa higher order 3N force



∆ in 4N system: effective 4N force



3N and 4N binding energies

3H 3He 4He

CD Bonn 8.00 7.26 26.18
CD Bonn + ∆ 8.28 7.54 27.10
exp 8.48 7.72 28.30
∆E2 -0.51 -0.48 -2.80
∆E3(FM) 0.50 0.48 2.25
∆E3(h.o.) 0.29 0.28 1.30
∆E4 0.17



n-3H total cross section
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p-3Hescattering at Ep = 5.54 MeV
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∆ effects in n-3H scattering at En = 3.5 MeV

εt σS
t σP

t σt Amax
y

CD Bonn 8.00 0.975 1.308 2.283 0.364
CD Bonn + ∆ 8.28 0.958 1.172 2.130 0.345
exp 8.48 2.450
2N dispersion -0.51 0.036 -0.075 -0.039 -0.055
3NF(FM) 0.50 -0.035 -0.058 -0.094 0.022
3NF(h.o.) 0.29 -0.017 -0.004 -0.021 0.014
4NF <0.001 <0.001 <0.001 <0.001



p+ 3H → n+ 3Hereaction at Ep = 6 MeV
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d-d elastic scattering at Ed = 3 MeV
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d +d → N +[3N] transfer at Ed = 3 MeV
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Summary

3N: consistent effective 2N and 3N forces and currents

3N hadronic and e.m. reactions:
reduced discrepancies between theory and experiment
at higher energies/momentum transfers



Summary

3N: consistent effective 2N and 3N forces and currents

3N hadronic and e.m. reactions:
reduced discrepancies between theory and experiment
at higher energies/momentum transfers

4N: first inclusion of 4N forces

4N force effects much weaker than 3N force effects



Summary

3N: consistent effective 2N and 3N forces and currents

3N hadronic and e.m. reactions:
reduced discrepancies between theory and experiment
at higher energies/momentum transfers

4N: first inclusion of 4N forces

4N force effects much weaker than 3N force effects

3N and 4N bound states:
∆-mediated 2N, 3N (and 4N) forces insufficient,
inclusion of additional irreducible 3N force necessary

4N scattering:
besides scaling ∆-mediated 2N and 3N forces increase
N+[3N] elastic cross section discrepancy
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