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— Talks are for 20 + 5 or 40 + 10 min 
— Feel free to ask questions during the talks! 

— Coffee breaks are taken in a separate room (called „Tours“)

— We plan to post talks online (upon your permission) 
— For discussions, you can use this room (available till 5pm) or office space at TP2 
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For dinner, you can find a plenty of 

restaurants in the Bochum downtown area, 
e.g. around Bermuda3eck  

Some inspiration for free time: 

Düsseldorf

Organizational remarks

Hattingen

— a small village near Bochum with a nice old town  
    (half-timbered houses)
— easily reachable from Bochum via tram U308
— has a nice Christmas market

— takes about 40 min by train from Bochum HbF



Plan sufficient time for your travel (especially on the way to the airport!)

 Traveling recommendations

Use the app DB Navigator (allows to buy tickets and provides 
information on delays)

Alternatively, use this page to get information about delays

https://int.bahn.de/en/buchung/abfahrten-ankuenfte?dbkanal_007=sprachauswahl-en
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Many-Body Interactions in Atomic and Nuclear Systems
H. PRIMAKQFF, PoLytechnic Institute of Brooklyn, Brooklyn, Neftfz York

AND

T. Hor. STEIN, New York University, University Heights, Nnv Fork, New F'ork
(Received March 28, 1938)

When particles interact with each other through the
intervening mechanism of a field, the description of their
dynamical behavior by means of action-at-a-distance
potentials is only of an approximate nature. Two-body,
three-body, ~, m-body potentials may be regarded as
successive stages of this approximation; their relative
magnitudes are examined systematically for several types
of classical and quantized fields, e.g, , electromagnetic,
mesotron, etc. It is found that the description of electrons

in atomic systems by the customary two-body potentials is
an excellent approximation; in nuclei, independent of the
details of the field, one finds: three-body potentials
=(v„/c) X (two-body potentials) ~, zn-body potentials—(v„/c) ~&& (two-body potentials}, where v„ is the average
velocity of the heavy particles in the nucleus. The usual
description of nuclei in terms of two-body potentials
cannot therefore be considered satisfactory, except in the
case of the deuteron.

INTRODUCTION

''N field theories of particle interaction, an
& - exact description of the dynamical behavior
of the particles necessitates the explicit intro-
duction of variables describiq, g the state of the
field. A description of particle dynamics in terms
of interactions depending only on the instan-
taneous relative coordinates of the particles'
(action-at-a-distance) is, therefore, necessarily of
an approximate character. In the first stage of
this approximation the interactions are of the
so-called "two-body" type:

systems, but a relatively poor one for the heavy
particles in nuclei.

CLASSICAL ELECTROMAGNETIC THEORY OF
ELECTRON DYNAMICS

(a) Etinations of motion
The equation of motion of a given electron in

the presence of potentials, p, A is

1 8
ma~ ——e~ —grad. ~ e(r~, t)———A(r~, t)

c Bt

Vk+—&(curl~A(r~, t), k=1, , n (1).
c

In the higher stages, as shown below, one ob-
tains additional interactions of such a nature
that the force between any two particles is de-
pendent on the positions of some of the others
("many-body" forces). For example,

Here q, A, arise from the other electrons, and
describe the state of the field; they are deter-
mined by the equations 2

BA
g'e =—4~pe;8(r —r;(t))——div. —, (2)

c Bt
V= P V;;~(r;;, rg, r;~) 1 O'Aq'A-—

c' cjt~

VZ
4m Pe, 8(r—r;(t) )——i, j, k

represents three-body interactions. It is the
purpose of this 'paper to examine the conditions
under which a set of two-body interactions con-
stitute an adequate substitute for the explicit
use of field variables. It will be found that the
use of two-body interactions is an excellent
approximation for electronic motions in atomic

1 Be)
+grad. (

div. A+——[. (3)
c at)

To obtain an "action-at-a-distance" dynamical
description of the particles, one attempts to
express q, A in terms of the instantaneous rela-
tive particle coordinates. Choosing the gauge so*University Fellow.' One also admits interactions depending on the particle

velocity into the action-at-a-distance dynamical de
scription.

' W. Heitler, Quantum Theory of RaCh ation (Oxford
Univ. Press, 1936), p. 2, Eqs. (Sa), (Sb).
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� = 0.25 fm�1 (set-I) and ↵ = 0.7 fm�1, � = 2.0 fm�1

(set-II). These transformations significantly a↵ect the S-
wave momentum-space matrix elements of the interac-
tion as shown in Fig. 2. Yet, physical observables are, of
course, independent of the choice of basis in the Hilbert
space. In particular, we have verified that the phase shifts
calculated from V̂Alice, V̂Bob-I and V̂Bob-II agree with each
other to machine precision, see Fig. 1. In contrast, the
correlation functions calculated by Bob under the as-
sumption of the universal source term, Ŝ

Bob
12

= Ŝ
Alice
12

,
are as expected di↵erent from the result found by Alice,
as depicted by the red lines in Fig. 3. To restore the re-
sult for C(k) obtained by Alice, the source term needs
to be brought into Bob’s convention by applying the UT,
Ŝ
Bob
12

= Û Ŝ
Alice
12

Û
†, see the right column of Fig. 2 and

blue lines in Fig. 3.
Scheme dependence in chiral EFT.—The above exam-

ple shows that o↵-shell ambiguities of the interaction po-
tentials can result in a large model dependence of the
correlation function if the source term is assumed to be
universal. On the other hand, realistic models of had-
ronic interactions are constrained by physical principles
like, e.g., pion-exchange dominance at large distances and
often share similarities when it comes to modeling of the
short-distance behavior. The remaining o↵-shell ambi-
guities may therefore be expected to be less pronounced
in practice. In this context, it is instructive to examine
how scheme dependence manifests itself in chiral EFT for
nuclear forces, [24–26], the most extensively studied and
best understood hadronic interactions. Leaving aside the
(significant) ambiguity from the choice of the regulator,
the inherent scheme dependence in nuclear chiral EFT
first shows up at fourth expansion order (N3LO), stem-
ming from the long-range relativistic corrections that de-
pend on two arbitrary phases [27, 28] and three short-
range interactions contributing to the 1S0, 3S1 and 3S1-
3D1 potentials [19]. The corresponding five parameters
can be chosen arbitrarily, subject to the naturalness con-
straint, and their values can be changed by applying suit-
able UTs, see Supplemental Material [29] for explicit ex-
pressions. Importantly, such UTs also induce many-body
interactions and exchange currents. This shows, once
again, that various scheme-dependent quantities such as
two-body interactions, three-body forces (3BFs) and ex-
change currents must be used consistently with each other
to avoid an uncontrollable model dependence.

The above power-counting-based arguments point to-
wards a mild scheme-dependence of NN interactions in
chiral EFT. However, the situation is di↵erent for 3BFs,
which provide small but important corrections to the
dominant pairwise forces and remain a challenging fron-
tier in nuclear physics [30], see also Refs. [31–33] for re-
cent attempts to explore 3BFs through femtoscopy. 3BFs
first appear at third order (N2LO) in chiral EFT, and
thus are much more sensitive to the above mentioned o↵-
shell ambiguities. To illustrate this point we have gener-
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FIG. 4. (Color online). Neutron-deuteron total cross section
(left) and the 3H binding energy (right) calculated using the
N4LO+ NN potential of Ref. [36] (orange lines). Light-shaded
blue bands show the results from the phase-equivalent but o↵-
shell di↵ering N4LO+ NN potentials as explained in the text.

ated a set of 27 NN N4LO+ potentials corresponding to
di↵erent choices of the o↵-shell short-range interactions,
see [29] for details. These potentials are nearly phase-
equivalent in the two-body sector and equally valid from
the EFT point of view. However, they lead to vastly
di↵erent predictions for three-nucleon observables as vi-
sualized in Fig. 4, which illustrates the well-known in-
herent scheme dependence of 3BFs [35]. In particular,
the required 3BF contributions to the 3H binding energy
can be both attractive and repulsive depending on the
o↵-shell behavior of the employed NN interaction.
Discussion and conclusions.—Hadronic correlations

measured in ultra-relativistic collisions are sensitive to
the strong interactions. However, probing final state in-
teractions by means of the Koonin-Pratt formula vio-
lates basic principles of quantum mechanics if the source
model is regarded to be universal. Using an example
of two strongly interacting distinguishable particles, we
have shown that o↵-shell ambiguities in the interaction
can then translate into a significant model dependence for
C(k). It is important to emphasize that the problematic
universality assumption is essential as its relaxation sac-
rifices the predictive power of the femtoscopy approach.
The sensitivity of C(k) to the o↵-shell behavior of the

strong force decreases for source radii r0 being large com-
pared to the interaction range since the large-distance
behavior of the wave function  (r, k) is unambiguously
determined by the S-matrix [4, 8, 37]. The interpreta-
tion of C(k) in terms of the average | (r, k)|2 then be-
comes no more inherently problematic. Large r0-values,
however, also reduce the strength of femtoscopic signals.
The source size in our example is, in fact, comparable to
or even larger than those typically used in the literature
[5, 6, 9, 13, 32]. Even smaller values for r0 were obtained
recently using a precise pion-kaon interaction [38].
Finally, we also discussed o↵-shell ambiguities of nu-

clear interactions in chiral EFT. While scheme-dependent

 3NF effects in the 3N system
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Û
†, see the right column of Fig. 2 and

blue lines in Fig. 3.
Scheme dependence in chiral EFT.—The above exam-

ple shows that o↵-shell ambiguities of the interaction po-
tentials can result in a large model dependence of the
correlation function if the source term is assumed to be
universal. On the other hand, realistic models of had-
ronic interactions are constrained by physical principles
like, e.g., pion-exchange dominance at large distances and
often share similarities when it comes to modeling of the
short-distance behavior. The remaining o↵-shell ambi-
guities may therefore be expected to be less pronounced
in practice. In this context, it is instructive to examine
how scheme dependence manifests itself in chiral EFT for
nuclear forces, [24–26], the most extensively studied and
best understood hadronic interactions. Leaving aside the
(significant) ambiguity from the choice of the regulator,
the inherent scheme dependence in nuclear chiral EFT
first shows up at fourth expansion order (N3LO), stem-
ming from the long-range relativistic corrections that de-
pend on two arbitrary phases [27, 28] and three short-
range interactions contributing to the 1S0, 3S1 and 3S1-
3D1 potentials [19]. The corresponding five parameters
can be chosen arbitrarily, subject to the naturalness con-
straint, and their values can be changed by applying suit-
able UTs, see Supplemental Material [29] for explicit ex-
pressions. Importantly, such UTs also induce many-body
interactions and exchange currents. This shows, once
again, that various scheme-dependent quantities such as
two-body interactions, three-body forces (3BFs) and ex-
change currents must be used consistently with each other
to avoid an uncontrollable model dependence.

The above power-counting-based arguments point to-
wards a mild scheme-dependence of NN interactions in
chiral EFT. However, the situation is di↵erent for 3BFs,
which provide small but important corrections to the
dominant pairwise forces and remain a challenging fron-
tier in nuclear physics [30], see also Refs. [31–33] for re-
cent attempts to explore 3BFs through femtoscopy. 3BFs
first appear at third order (N2LO) in chiral EFT, and
thus are much more sensitive to the above mentioned o↵-
shell ambiguities. To illustrate this point we have gener-

   
[m

b]
� n

d�
�N4 LO

+
[19

]
nd

experimental data from Ref. [34]
N4LO+ NN potential of Ref. [19]
off-shell ambiguity of the N4LO+ 
NN potential [28]

-8.0

-9.0

-7.0

-6.0

3 H
 b

in
di

ng
 e

ne
rg

y 
[M

eV
]

exp

  [MeV]kcms
100 150

-20
200 250 300

-10

0

10

20

experimental data from Ref. [34]
N4LO+ NN potential of Ref. [36]
off-shell ambiguity of the N4LO+ 
NN potential [29]

-8.0

-9.0

-7.0

-6.0
3 H

 b
in

di
ng

 e
ne

rg
y 

[M
eV

]

exp

  [MeV]kcms
100 150

-20
200 250 300

-10

0

10

20

   [mb]�nd � �N4LO+ [19]
nd

   
[m

b]
�nd

�
�nd V N

N,
Re

f.[
36

]

� ndVNN, Ref. [19]

FIG. 4. (Color online). Neutron-deuteron total cross section
(left) and the 3H binding energy (right) calculated using the
N4LO+ NN potential of Ref. [36] (orange lines). Light-shaded
blue bands show the results from the phase-equivalent but o↵-
shell di↵ering N4LO+ NN potentials as explained in the text.

ated a set of 27 NN N4LO+ potentials corresponding to
di↵erent choices of the o↵-shell short-range interactions,
see [29] for details. These potentials are nearly phase-
equivalent in the two-body sector and equally valid from
the EFT point of view. However, they lead to vastly
di↵erent predictions for three-nucleon observables as vi-
sualized in Fig. 4, which illustrates the well-known in-
herent scheme dependence of 3BFs [35]. In particular,
the required 3BF contributions to the 3H binding energy
can be both attractive and repulsive depending on the
o↵-shell behavior of the employed NN interaction.
Discussion and conclusions.—Hadronic correlations

measured in ultra-relativistic collisions are sensitive to
the strong interactions. However, probing final state in-
teractions by means of the Koonin-Pratt formula vio-
lates basic principles of quantum mechanics if the source
model is regarded to be universal. Using an example
of two strongly interacting distinguishable particles, we
have shown that o↵-shell ambiguities in the interaction
can then translate into a significant model dependence for
C(k). It is important to emphasize that the problematic
universality assumption is essential as its relaxation sac-
rifices the predictive power of the femtoscopy approach.
The sensitivity of C(k) to the o↵-shell behavior of the

strong force decreases for source radii r0 being large com-
pared to the interaction range since the large-distance
behavior of the wave function  (r, k) is unambiguously
determined by the S-matrix [4, 8, 37]. The interpreta-
tion of C(k) in terms of the average | (r, k)|2 then be-
comes no more inherently problematic. Large r0-values,
however, also reduce the strength of femtoscopic signals.
The source size in our example is, in fact, comparable to
or even larger than those typically used in the literature
[5, 6, 9, 13, 32]. Even smaller values for r0 were obtained
recently using a precise pion-kaon interaction [38].
Finally, we also discussed o↵-shell ambiguities of nu-

clear interactions in chiral EFT. While scheme-dependent

—  3NFs are small (but important) corrections to the NN interactions 

—  3NFs depend on the (ambiguous) off-shell behavior of NN interactions Polyzou, Glöckle ’90   

—  Large discrepancies in Nd scattering [talk by Kimiko]; no existing 3NF model is capable of   
      improving (globally) the description of Nd data Kalantar-Nayestanaki, EE, Messchendorp, Nogga ’12

EE, Heihoff, Meißner, Tscherwon, 2504.08631 



 Three-body force: A frontier in nuclear physics

intermediate Δ-excitation multi-pion interactions off-shell behavior of the VNN 
Vring = 𝒜3π − VπG0VπG0VπFujita, Miyazawa ’57

short-range

Δ
ρπ

 3NF are not directly measurable and depend  
on the scheme (DoF, off-shell VNN, …)

⇒

  Guidance from theory indispensable — an opportunity for χEFT!⇒

3NF have extremely rich and complex structure

V3N =
20

∑
i=1

Oi fi(r12, r23, r31) + permutations

⃗r12

⃗r23
⃗r31EE, Gasparyan, Krebs, Schat ’15

Topolnicki ’17

Three-nucleon forces (3NF) are small but important corrections to the dominant NN forces

3NF mechanisms: 

— most general local 3NF: 

— most general nonlocal 3NF:  320 (!) operators

Endo, EE, Naidon, Nishida, Sekiguchi, Takahashi, EPJA 61 (2025) 9
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Elastic Nd scattering at 135 MeV
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Fig. 9 Predictions for ground state energies of selected nuclei with A = 4–12 at NLO and N2LO
for L = 450 MeV using the ab-initio No-Core Configuration Interaction method (NCCI). Black
error bars indicate the NCCI uncertainties, while shaded bars refer to the EFT truncation errors
(not shown for incomplete N2LO calculations based on 2NF only). See Ref. [42] for details.

the many-body forces and currents have been worked out using dimensional regu-
larization (DR), see Tab. 1, the existing expressions can not be directly employed
in few-nucleon calculations due to the inconsistencies caused by combining the di-
mensional and cutoff regularizations [7]. Below, an explicit example will be given
to demonstrate such an inconsistency for the 3NF regularized in a naive way using
both (semi-) local and nonlocal cutoffs.

Statement of the problem

Both the 2NF and 3NF need to be regularized in order to obtain a well defined
solution of the Faddeev equations. High-momentum components in the integrals
appearing in the iterations of the Faddeev equation generate contributions involv-
ing positive powers and logarithms of the cutoff which diverge in the L ! • limit
and are supposed to get absorbed by the available short-range interactions. The mo-
mentum dependence of such contact interactions beyond the 2N sector is, however,
severely constrained by the spontaneously broken chiral symmetry of QCD. In par-
ticular, in the limit of exact chiral symmetry (i.e., for Mp ! 0), only derivative pion
couplings are allowed in the effective Lagrangian according to the Goldstone theo-
rem. In the 2N sector, the tree-level short range interactions do not involve any pion
couplings, and their momentum dependence is therefore not restricted by the chiral
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intermediate Δ-excitation multi-pion interactions off-shell behavior of the VNN 
Vring = 𝒜3π − VπG0VπG0VπFujita, Miyazawa ’57
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Δ
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on the scheme (DoF, off-shell VNN, …)
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  Guidance from theory indispensable — an opportunity for χEFT!⇒

3NF have extremely rich and complex structure
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Three-nucleon forces (3NF) are small but important corrections to the dominant NN forces

3NF mechanisms: 

— most general local 3NF: 

— most general nonlocal 3NF:  320 (!) operators

! Chiral expansion of the 3NF
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Fig. 9 Predictions for ground state energies of selected nuclei with A = 4–12 at NLO and N2LO
for L = 450 MeV using the ab-initio No-Core Configuration Interaction method (NCCI). Black
error bars indicate the NCCI uncertainties, while shaded bars refer to the EFT truncation errors
(not shown for incomplete N2LO calculations based on 2NF only). See Ref. [42] for details.

the many-body forces and currents have been worked out using dimensional regu-
larization (DR), see Tab. 1, the existing expressions can not be directly employed
in few-nucleon calculations due to the inconsistencies caused by combining the di-
mensional and cutoff regularizations [7]. Below, an explicit example will be given
to demonstrate such an inconsistency for the 3NF regularized in a naive way using
both (semi-) local and nonlocal cutoffs.

Statement of the problem

Both the 2NF and 3NF need to be regularized in order to obtain a well defined
solution of the Faddeev equations. High-momentum components in the integrals
appearing in the iterations of the Faddeev equation generate contributions involv-
ing positive powers and logarithms of the cutoff which diverge in the L ! • limit
and are supposed to get absorbed by the available short-range interactions. The mo-
mentum dependence of such contact interactions beyond the 2N sector is, however,
severely constrained by the spontaneously broken chiral symmetry of QCD. In par-
ticular, in the limit of exact chiral symmetry (i.e., for Mp ! 0), only derivative pion
couplings are allowed in the effective Lagrangian according to the Goldstone theo-
rem. In the 2N sector, the tree-level short range interactions do not involve any pion
couplings, and their momentum dependence is therefore not restricted by the chiral
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intermediate Δ-excitation multi-pion interactions off-shell behavior of the VNN 
Vring = 𝒜3π − VπG0VπG0VπFujita, Miyazawa ’57

short-range

Δ
ρπ

 3NF are not directly measurable and depend  
on the scheme (DoF, off-shell VNN, …)

⇒

  Guidance from theory indispensable — an opportunity for χEFT!⇒

3NF have extremely rich and complex structure

V3N =
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Oi fi(r12, r23, r31) + permutations
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Topolnicki ’17

Three-nucleon forces (3NF) are small but important corrections to the dominant NN forces

3NF mechanisms: 

— most general local 3NF: 

— most general nonlocal 3NF:  320 (!) operators

! Chiral expansion of the 3NF
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Fig. 9 Predictions for ground state energies of selected nuclei with A = 4–12 at NLO and N2LO
for L = 450 MeV using the ab-initio No-Core Configuration Interaction method (NCCI). Black
error bars indicate the NCCI uncertainties, while shaded bars refer to the EFT truncation errors
(not shown for incomplete N2LO calculations based on 2NF only). See Ref. [42] for details.

the many-body forces and currents have been worked out using dimensional regu-
larization (DR), see Tab. 1, the existing expressions can not be directly employed
in few-nucleon calculations due to the inconsistencies caused by combining the di-
mensional and cutoff regularizations [7]. Below, an explicit example will be given
to demonstrate such an inconsistency for the 3NF regularized in a naive way using
both (semi-) local and nonlocal cutoffs.

Statement of the problem

Both the 2NF and 3NF need to be regularized in order to obtain a well defined
solution of the Faddeev equations. High-momentum components in the integrals
appearing in the iterations of the Faddeev equation generate contributions involv-
ing positive powers and logarithms of the cutoff which diverge in the L ! • limit
and are supposed to get absorbed by the available short-range interactions. The mo-
mentum dependence of such contact interactions beyond the 2N sector is, however,
severely constrained by the spontaneously broken chiral symmetry of QCD. In par-
ticular, in the limit of exact chiral symmetry (i.e., for Mp ! 0), only derivative pion
couplings are allowed in the effective Lagrangian according to the Goldstone theo-
rem. In the 2N sector, the tree-level short range interactions do not involve any pion
couplings, and their momentum dependence is therefore not restricted by the chiral

Predictions for light p-shell nuclei
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cE  need to be re-derived using symmetry-preserving Cutoff regularization⇒
mixing DimReg with Cutoff regularization in the Schrödinger equation violates χ-symmetry

Endo, EE, Naidon, Nishida, Sekiguchi, Takahashi, EPJA 61 (2025) 9
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 Chiral gradient flow
Gradient flows: methods for smoothing manifolds  
(e.g., Ricci flow used in the proof of the Poincaré conjecture)

flow timeGradient flow as a regulator in field theory 
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Free scalar field:

heat kernel
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Ô[�i,⌧i,~qi]

(~q 2
2 +M2)(~q 2

3 +M2)(~q 2
4 +M2)

h
2~�1 · ~q12f

234
⇤ + ~�1 · ~q1

�
2f 123

⇤ � f
134
⇤ � f

234
⇤

�i

+
g
4

128F 6

~�1 · ~q1 Ô[�i,⌧i,~qi]
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 Chiral gradient flow
Gradient flows: methods for smoothing manifolds  
(e.g., Ricci flow used in the proof of the Poincaré conjecture)

flow timeGradient flow as a regulator in field theory 
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~�1 · ~q1 Ô[�i,⌧i,~qi]

(~q 2
1 +M2)(~q 2

2 +M2)(~q 2
3 +M2)(~q 2

4 +M2)

⇥


�M

2
f⇤ + (2M

2
+ ~q

2
12)f

123
⇤ + 2M

2
(M

2
+ ~q

2
1 )

f
134
⇤ � f

234
⇤

~q 2
1 � ~q 2

2

+ 2(M
2
+ ~q

2
2 )(~q

2
13 � ~q

2
12)

f
124
⇤ � f

134
⇤

~q 2
2 � ~q 2

3

�
+ 23 perm.

lim⇤!1 V
4N
⇤ = V

4N

f⇤ = e
� ~q 2

1 +M2

⇤2 e
� ~q 2

2 +M2

⇤2 e
� ~q 2

3 +M2

⇤2 e
� ~q 2

4 +M2

⇤2 , f
ijk
⇤ = e

� ~q 2
i +M2

⇤2 e
�

~q 2
j +M2

⇤2 e
� ~q 2

k +M2

⇤2 .

l1 l2 k

J
µ
=

Z
d
4
l1

(2⇡)4

d
4
l2

(2⇡)4
�
4
(l1 + k � l2)

h
. . . + ae

l21+M2

⇤2 e
� l22+M2

⇤2 + . . .

i

exp

⇣
�

2k · l1 + k
2

⇤2

⌘

@

@⌧
�(x, ⌧) = �

�S[�]

��(x)

����
�(x)!�(x,⌧)

3

Flow equation: 

subject to the boundary condition 
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YM gradient flow Narayanan, Neuberger ’06, Lüscher, Weisz ’11:

Ô[�i,⌧i,~qi] = ⌧ 1 · ⌧ 2⌧ 3 · ⌧ 4 ~�2 · ~q2 ~�3 · ~q3 ~�4 · ~q4

V
4N
⇤ = �

g
4

128F 6
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Generalize                                 to            :  
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Figure 1: Chiral expansion of the nuclear forces. Solid and dashed lines refer to nucleons and
pions, respectively. Solid dots, filled circles, filled rectangles, filled diamonds and open rectangles
refer to the vertices of dimension ∆i = 0, ∆i = 1, ∆i = 2, ∆i = 3 and ∆i = 4, respectively.

the resulting contributions to the amplitude are enhanced by powers of mN/|p⃗ |, where mN refers
to the nucleon mass, as compared to estimates based on dimensional analysis and underlying the
derivation of Eq. (2.2). Fortunately, the contributions of the enhanced ladder-like diagrams can
be easily and efficiently resummed by solving the LS integral equation (or its generalizations in
the case of three- and more-nucleon systems) whose kernel involves all possible irreducible graphs
which obey the scaling according to Eq. (2.2) and are derivable in perturbation theory. This is the
essence of what is commonly referred to as Weinberg’s approach to nuclear chiral EFT. The set of
all possible irreducible contributions to the scattering amplitude can be viewed as the interaction
part of the nuclear Hamiltonian and comprises two-, three- and more-nucleon forces. The approach
outlined above is straightforwardly generalizable to reactions involving external sources and allows
one to derive exchange currents consistent with the nuclear forces.

It is a simple exercise to enumerate the various diagrams which may contribute to the nu-
clear force at a given order ν by looking at Feynman rules for the chiral Lagrangian and applying
Eq. (2.2), see Fig. 1. Here, it is understood that the shown diagrams only serve the purpose of
visualization of the corresponding contributions and do not have the meaning of Feynman graphs.
In particular, one needs to separate out the irreducible pieces in order to avoid double counting.
Notice further that while one can draw three-nucleon diagrams at next-to-leading order (NLO),
the resulting contributions are either reducible or suppressed by one power of Q/mN [25]. As an
immediate consequence of the chiral power counting in Eq. (2.2), one observes the suppression of
many-body forces [26], the feature, that has always been assumed but could be justified only in the
context of chiral EFT.
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Derivation of the N3LO contributions to the 3NF 
using the GF method Hermann

✅

Partial wave decomposition of the 3NF@N3LO 
LENPIC

✅(    )

Re-determination of the πN LECs using the GF 
regulator Patrick

✅(    )

Sensitivity studies of 3N scattering observables 
to the contact 3NF@N4LO Arseniy, Josep, Sven 

☑

Sensitivity studies of 3N scattering observables 
to the off-shell LECs in the 2NF@N3LO Sven

✅(    )

Derivation and implementation (partial wave decomposition) of cD-like 3NF@N4LO  Henri, Hermann, Arseniy ✅(    )

Optimization/„emulation“ of 3N scattering calculations (needed to fix 3NF@N4LO)  Sven, Arseniy ☑

NN interactions „on demand“ (local LO, local+separable, low-resolution)  Sven ✅

Truncation uncertainty in chiral EFT via explicit marginalization over higher-order terms  Sven✅(    )
Chiral gradient flow: Chiral extrapolations, 3NF@N4LO, 4NF, currents, …   Hermann☑

talk by Kai

talks by Arseniy and Josep

talk by Henri

talk by Sven

Enjoy the talks and discussions!


