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Power counting in chiral 3N sector (nonlocal):
Contributions of many-body forces at N3LO in neutron matter

Tews, Krüger, KH, Schwenk
PRL 110, 032504 (2013)
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• first calculations of N3LO 3NF and 4NF

contributions to EOS of neutron matter

• found large contributions in Hartree Fock appr.,

comparable to size of N2LO contributions
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FIG. 6. (Color online) Contributions from 3N forces in the Hartree-Fock approximation at N2LO plus N3LO (first three panels)
in comparison with the 3N contribution in a N2LO calculation (fourth panel). The first panel shows the N2LO 3N contribution
in the N3LO calculation, using the N3LO values of the ci couplings, and the second panel gives the N3LO 3N contribution.
The third panel shows the total 3N contribution at N3LO (the sum of the first two panels). This is compared in the fourth
panel to the 3N contribution at N2LO, using the ci values recommended for an N2LO calculation (see Table II). For the EGM
potentials the total 3N contribution at N3LO differs by less than 1MeV compared to the N2LO results. However, for the EM
potential, the result changes by almost 3MeV. All bands include the ci range from Table II and the 3N cutoff variation.

Fock level to the 3N contribution at N2LO (fourth panel),
which uses the c

i

values recommended for an N2LO cal-
culation (see Table II). For the EGM potentials the total
3N contribution changes by less than 1MeV going from
N2LO to N3LO. Because the N3LO 3N contribution is
small for the EM potential, this results in a difference of
about 3MeV when going from N2LO to N3LO for the
EM case, due to the modified c

i

couplings at N3LO.
Only three N3LO 4N topologies give nonvanishing

contributions to neutron matter. We show their re-
sults in Fig. 5. The two three-pion-exchange diagrams
V a and V e are attractive with energies of �0.16MeV
and �0.25MeV per particle at saturation density. The
pion-pion-interaction 4N forces (V f ) are repulsive with
0.22MeV per particle at n0. The latter two diagrams al-
most cancel each other, such that the total contribution
of the leading 4N forces is about �0.18MeV per particle
at n0. However, also for the 4N forces additional larger
contributions from � excitations may arise at N4LO [44].

At the Hartree-Fock level, the 3N/4N contributions
change by less than 5% if the cutoff is taken to infinity
(i.e., f

R

= 1). However, since we also include N2LO 3N
forces beyond Hartree Fock, a consistent regulator is re-
quired. Finally, we compare our 4N results with those of
Refs. [44, 47], which considered only the 4N interactions
V e and V f and found their sum to be about �11 keV per
particle at n0. This is in agreement with our results, if
we take f

R

= 1 as in Refs. [44, 47].

C. Complete calculation at N3LO

The complete N3LO result for neutron matter is shown
in Fig. 7, which includes all many-body interactions to
N3LO [3]. For all shown potentials the uncertainties in

the c
i

couplings dominate the width of the bands (com-
pare to the bands in the upper row of Fig. 4).

At saturation density, we obtain for the energy per
particle

E

N
(n0) = 14.1� 21.0MeV . (17)

This range is based on different NN potentials, a variation
of the couplings c1 = �(0.75 � 1.13)GeV�1 and c3 =
�(4.77�5.51)GeV�1, and on the 3N/4N-cutoff variation
⇤ = 2 � 2.5 fm�1. In addition, the uncertainty in the
many-body calculation is included, as discussed above.

As shown in Fig. 7, our results are consistent with pre-
vious calculations based on RG-evolved NN interactions
at N3LO and 3N interactions at N2LO [4]. These calcu-
lations adopted a conservative c

i

range but are based on
the EM 500 MeV NN potential only, which results in a
narrower band compared to the N3LO band. In Ref. [3],
we compared our results to calculations based on lattice
EFT [22] and quantum Monte Carlo at low densities [48],
as well as to variational methods [49] and auxiliary field
diffusion Monte Carlo [50] based on phenomenological
NN and 3N potentials, and found that they are also con-
sistent with the N3LO band. However, the latter calcu-
lations do not provide theoretical uncertainties.

In Fig. 8 we compare the convergence from N2LO to
N3LO in the same calculational setup. For this compar-
ison, we consider only the EGM potentials with cutoffs
450/500 and 450/700 MeV, since no EM N2LO poten-
tial is available. This leads to an N3LO energy range of
14.1 � 18.4MeV per particle at n0. For the N2LO band
in Fig. 8, we have estimated the theoretical uncertainties
in the same way and found an energy of 15.5� 21.4MeV
per particle at n0. The two bands overlap but the range
of the band is reduced only by a factor of 2/3, which is

Krüger, Tews, KH, Schwenk, 
PRC 88, 025802 (2013)
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FIG. 2. (Color online) Energy per particle versus density for all individual N3LO 3N and 4N force contributions to neutron
matter at the Hartree-Fock level. The bands are obtained by varying the 3N/4N cutoff Λ = 2 − 2.5 fm−1. For the two-pion-
exchange–contact and the relativistic-corrections 3N forces, the different bands correspond to the different NN contacts, CT

and CS , determined consistently for the N3LO EM/EGM potentials. The inset diagram illustrates the 3N/4N force topology.

ity of the energy to the single-particle spectrum used.
We find that the energy changes from second to third
order, employing a free or Hartree-Fock spectrum, by
0.8, 0.4, 1.3MeV (1.4, 0.9, 2.7MeV) per particle at n0/2
(n0) for the EGM 450/500, 450/700, EM 500 N3LO po-
tentials, respectively. The results, which include all these
uncertainties, are displayed by the bands in Fig. 1. Un-
derstanding the cutoff dependence and developing im-
proved power counting schemes remain important open
problems in chiral EFT [21]. For the neutron matter en-
ergy at n0, our first complete N3LO calculation yields
14.1 − 21.0MeV per particle. If we were to omit the
results based on the EM 500 N3LO potential, as it con-
verges slowest at n0, the range would be 14.1−18.4MeV.

As we find relatively large contributions from N3LO
3N forces, it is important to study the EFT convergence
from N2LO to N3LO. This is shown in Fig. 3 for the
EGM potentials (N2LO is not available for EM), where
the N3LO results are found to overlap with the N2LO
band across a ±1.5MeV range around 17MeV at satura-
tion density. As expected from the net-attractive N3LO
3N contributions in Fig. 2, the N3LO band yields lower
energies. For the N2LO band, we have estimated the the-
oretical uncertainties in the same way, and the neutron
matter energy ranges from 15.5 − 21.4MeV per particle

at n0. The theoretical uncertainty is reduced from N2LO
to N3LO to 14.1 − 18.4MeV, but not by a factor ∼ 1/3
based on the power counting estimate. This reflects the

0 0.05 0.1 0.15

n [fm-3]

0

5

10

15

20

E/
N

 [M
eV

]

N2LO
N3LO (only EGM)

FIG. 3. (Color online) Neutron matter energy per particle as
a function of density at N2LO (upper/blue band that extends
to the dashed line) and N3LO (lower/red band). The bands
are based on the EGM NN potentials and include uncertainty
estimates as in Fig. 1.

Krüger, Tews, KH, Schwenk, 
PRC 88, 025802 (2013)

Power counting in chiral 3N sector (nonlocal):
Contributions of many-body forces at N3LO in neutron matter



Representation of 3N interactions in momentum space
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Due to the large number of matrix elements, the traditional way of 

computing matrix elements requires extreme amounts of computer resources.

Np ' Nq ' 15

N↵ ' 30� 180
dim[hpq↵|V123|p0q0↵0i] ' 107 � 1010

A ‘new’ algorithm allows efficient calculation.
KH, Krebs, Epelbaum, Golak, Skibinski, PRC 91, 044001(2015)



Calculation of 3N forces in momentum 
partial-wave representation

traditional method:
• reduce dimension of angular integrals from 8 to 5 by using symmetry

• discretize angular integrals and perform all sums numerically

hpq|V123|p0q0i = V123(p� p0,q� q0
)

= V123(p� p0, q � q0, cos ✓)

much more efficient method:
• use that all interaction contributions (except rel. corr.) are local:

       allows to perform all except for 3 integrals analytically

• only a few small discrete internal sums need to be 

performed for each external momentum and angular momentum

hpq↵|V123|p0q0↵0i ⇠
X

mi

Z
dp̂ dq̂ dp̂0 dq̂0Y m

l (p̂)Y m̄
l̄ (q̂) hpqST |V123|p0q0S0T 0iY m0

l0 (p̂0)Y m̄0

l̄0 (q̂0)



KH, Krebs, Epelbaum, Golak, Skibinski,
PRC 91, 044001 (2015)

neutron matter:

• in PNM only matrix elements with             contribute                             

• resummation up to             leads to well converged results

• essentially perfect agreement with ‘exact’ results (cf. PRC88, 025802)

T = 3/2

J = 9/2

Hartree-Fock energy of infinite matter (unregularized 3NF)



Hartree-Fock energy of infinite matter (unregularized 3NF)

symmetric nuclear matter:

• resummation up to             leads to well converged results

• essentially perfect agreement with ‘exact’ results (cf. PRC88, 025802)
J = 9/2

KH, Krebs, Epelbaum, Golak, Skibinski,
PRC 91, 044001 (2015)



KH et al.,
PRC 91, 044001 (2015)
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KH et al.,
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nonlocal semilocal (coordinate space)
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3NF power counting in 3H for different regulators 

• size of N3LO contribution not suppressed for shown nonlocal interactions
• N3LO contributions suppressed for semilocal interactions
• technical challenges for semilocal interactions: 
★ forces non-perturbative, large basis spaces/RG evolution needed
★ implementation of 3N forces hard, stability problems for scattering calculations
★ derivation and implementation of nuclear currents hard
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3NF power counting for different regulators 

Development of improved novel semilocal NN+3N 
interactions regularised in momentum space. 

Reinert et al., 
arXiv:1711.08821

V⇡(p,p
0) ! V⇡(p,p

0)e�(q2+m2
⇡)/⇤

2

Calculation of N2LO 3NFs completed.
N3LO contributions progress!

semilocal (coordinate space)

Hermann’s
/Evgeny’s 
talk 
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Naive calculation of convolution integrals:
Problem!
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F (rij) = (1� exp(�r2ij/R
2
))

n
expwith



Naive calculation of convolution integrals:
Problem!

Vreg(r12, r13, r23) = V (r12, r13, r23)F (r12)F (r13)F (r23)

Vreg(r12, r13) = V (r12, r13)F (r12)F (r13)

Vreg(r12) = V (r12)F (r12)

F (rij) = (1� exp(�r2ij/R
2
))

n
expwith

Problem:
for practical calculation of the convolution integrals we need to explicitly 

separate the delta function part

hpq|Vreg|p0q0i =
Z

dp̃dq̃ hpq|V |p̃q̃i hp̃q̃|R|p0q0i

=

Z
dp̃dq̃ hpq|V |p̃q̃i hp̃q̃|R� 1|p0q0i+ hpq|V |p0q0i

delicate
cancellation!
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 N2LO 2pi topology:

fLR = fLR(q) = exp

⇥
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+m2
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⇤

Example:

V 2⇡
123 ⇠ 1

(q2
2 +m2

⇡)(q
3
2 +m2
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=
1

((p� q/2)2 +m2
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V 2⇡,reg
123 ⇠ fLR(q2)fLR(q3)

(q2
2 +m2

⇡)(q
3
2 +m2

⇡)

Momentum space regularized semi-local 3NF
Easy and efficient to implement! :-)

Hermann’s talk 
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Fits of N2LO 3NF (semi-local momentum space)
to 3H binding energy

• currently exploring behaviour of 
NN+3N interactions in many-body 
systems

• Which set of observables for 
fixing 3NF couplings cD and cE?
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Uncertainties from triton beta decay
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Question: 
How should the current be regularized when computing <F> and <GT>?
What are the uncertainties related to this choice?



Determination of LECs:
Uncertainties from triton beta decay

Klos et al., EPJA A53, 168 (2018),  EPJA A54, 76 (2018) [erratum]

Gazit et al., PRL103, 102502 (2009)f loc

⇤

(p,p0
) = exp

⇥
�(p� p0

)

4/⇤4

⇤
Using for the 2b-currents:

• varying Lambda in current leads to a significant range in cD

• how to choose the cutoffs consistently in currents and interaction
(continuity equation?)

8

Erratum: Uncertainties in constraining low-energy constants from 3H � decay
[Eur. Phys. J. A 53, 168 (2017)]

P. Klos,1,2,⇤ A. Carbone,1,2,† K. Hebeler,1,2,‡ J. Menéndez,3,§ and A. Schwenk1,2,4,¶

1Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
2ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany

3Department of Physics, University of Tokyo, Hongo, Tokyo 113-0033, Japan
4Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

In our article Eur. Phys. J. A 53, 168 (2017) the low-
energy constant c

D

in the two-body currents was used
incorrectly. The correct definition, which is consistent
with the c

D

coupling in the leading three-nucleon forces,
gives for Eq. (5):

d
R

= � 1

4⇤
�

g
A

c
D

+
1

3
(c3 + 2c4) +

1

6m
N

. (9)

As a result the c
D

dependence of the Gamow-Teller ma-
trix elements has changed. Here we provide the corrected
Figs. 2–6. While the curves change significantly due to
the � 1

4 change in the c
D

part of the two-body currents,
we emphasize that the discussion provided in our original
manuscript remains qualitatively correct, as there is still
a strong dependence of the results on the value of c

D

.
We thank R. Schiavilla for pointing out the inconsis-

tent definition of c
D

, and E. Epelbaum and H. Krebs for
discussions.

⇤

pklos@theorie.ikp.physik.tu-darmstadt.de

†

arianna@theorie.ikp.physik.tu-darmstadt.de

‡

kai.hebeler@physik.tu-darmstadt.de

§

menendez@nt.phys.s.u-tokyo.ac.jp

¶

schwenk@physik.tu-darmstadt.de
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FIG. 2. (Color online) Ratio of calculated and experimental
Gamow-Teller matrix elements as a function of cD for di↵erent
cuto↵ values and regulators in the two-body currents, based
on the EM 500 MeV N3LO potential of Ref. [44]. The solid
(dotted) lines show results for nuclear states including 3N
forces at N2LO using the 3H binding energy constraint of
Fig. 1 for a local [non-local with n = 2, see Eq.(8)] regulator in
the two-body currents. For comparison, we also show results
based on NN interactions only (dashed lines) and with 1b
currents only. The width of the shaded band denotes the 2�
experimental uncertainty.
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FIG. 3. (Color online) Ratio of calculated and experimental
Gamow-Teller matrix elements as a function of cD based on
the EMN potentials at order N2LO of Ref. [55]. We show
results for the 2b current cuto↵ ⇤2bc = 400 MeV (dashed
lines) and ⇤2bc = 1000 MeV (dash-dotted lines) using a non-
local regulator [see Eq.(8)] with n = 2, whereas the solid
lines show the cases when using the same cuto↵ values in the
regulators for the interactions and currents. The width of the
shaded band denotes the 2� experimental uncertainty.
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FIG. 4. (Color online) Ratio of calculated and experimental
Gamow-Teller matrix elements as a function of the cuto↵ ⇤ in
the non-local regulator [n = 2, see Eq. (8)] for a set of chiral
interactions, using di↵erent fitting observables: the results
labeled ’EM’ are based on NN plus 3N interactions, for which
the cD and cE values are fit to the binding energy of 3H and
the charge radius of 4He (see Ref. [26] for details). The results
labeled ’EGM’ are based on NN plus 3N forces fitted to the
binding energy of 3H and the neutron-deuteron scattering
length [59]. The width of the shaded band denotes the 2�
experimental uncertainty.
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FIG. 5. (Color online) Energy per nucleon of symmetric nu-
clear matter as a function of nucleon density obtained within
the self-consistent Green’s function approach [60]. Results are
based on the NN EM 500 MeV at N3LO, including normal-
ordered 3N interaction contributions at N2LO. The curves
correspond to di↵erent cD and cE values obtained according
to Figs. 1 and 2. The box describes the range for the empirical
saturation point provided by mean-field calculations [61].
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FIG. 6. (Color online) Same as Fig. 5 but showing results
based on the EMN potentials at N2LO. The curves corre-
spond to di↵erent cD and cE values obtained according to
Figs. 1 and 3. The di↵erent lines correspond to 2b currents
cuto↵s equivalent to the interaction (solid), ⇤2bc = 400 MeV
(dashed), and ⇤2bc = 1000 MeV (dash-dotted) as shown in
Fig. 3.



Implementation of nuclear current operators for applications in 
few- and many-body frameworks

H. Krebs et al. / Annals of Physics 378 (2017) 317–395 341

Fig. 2. Diagrams generating the lowest-order contribution EA(Q�3)
1N . Diagram (2) also contributes to A0 (Q�1)

1N as explained in the
text. Solid dots denote vertices fromL

(1)
⇡N . Diagrams resulting from the application of the time reversal operation are not shown.

For remaining notation see Fig. 1.

A0,a (Q�3)
1N:static = 0,

EAa (Q�3)
1N:static = �gA

2
⌧ a
i

✓

E�i �
Ek Ek · E�i

k2 + M2
⇡

◆

. (4.2)

Notice that in the notation we are using, the chiral dimension of an n-nucleon contribution to the
current operator can be easily read off from the corresponding expression by simply counting the
powers of the soft scale (i.e. the three-momenta of the nucleons and external sources and M⇡ ) and
adding to the resulting dimension the factor of 3(n � 2) to account for the different normalization of
n-nucleon states.

There are only vanishing contributions at order Q�2:

A0,a (Q�2)
1N:static = 0, EAa (Q�2)

1N:static = 0. (4.3)

At order Q�1, we encounter three kinds of corrections. First, as alreadymentioned, there are terms
emerging from the time-dependence of unitary transformations in diagram (2) of Fig. 2, which have
the form

A0,a (Q�1)
1N:UT0 = gA

2
k0

k2 + M2
⇡

Ek · E�i⌧
a
i , (4.4)

EAa (Q�1)
1N:UT0 = 0. (4.5)

Secondly, we encounter the leading one-loop contributions together with tree-level diagrams with
a single insertion of the L

(3)
⇡N vertices. There are no loop contributions to the charge operator at

this order. More precisely, the leading one-loop contributions to the charge operator turn out to
be proportional to the energy transfer and are thus shifted to order Q . In Fig. 3, we show the non-
vanishing loop diagrams that contribute to the current (charge) operator at orderQ�1 (Q ). The explicit
dependence on the unitary phases for the charge operator is given by

(3), (4) ⇠ k0
↵ax
10 + ↵ax

11 � ↵ax
13

k2 + M2
⇡

. (4.6)

One-loop contributions to the current operator are, on the other hand, independent of the unitary
phases. Further, in Fig. 4, we show tree-level and tadpole diagrams which generate nonvanishing
contributions to the current operator, which turn out to be independent on the unitary phases. The
final result for the charge and current operators at order Q�1 in the static limit is given by

A0,a (Q�1)
1N:static = 0,

EAa (Q�1)
1N:static = 1

2
d̄22

⇣

E�ik2 � Ek Ek · E�i

⌘

⌧ a
i � d̄18M2

⇡⌧ a
i

Ek Ek · E�i

k2 + M2
⇡

. (4.7)

Finally, we have to take into account the leading relativistic 1/m-corrections which in our counting
scheme start contributing at order Q�1. The corresponding diagrams are shown in Fig. 5. Diagram (1)
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Warmup problem: single-nucleon point charge operator
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with  Gp
E = 1
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Fig. 2. Diagrams generating the lowest-order contribution EA(Q�3)
1N . Diagram (2) also contributes to A0 (Q�1)

1N as explained in the
text. Solid dots denote vertices fromL

(1)
⇡N . Diagrams resulting from the application of the time reversal operation are not shown.

For remaining notation see Fig. 1.
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Notice that in the notation we are using, the chiral dimension of an n-nucleon contribution to the
current operator can be easily read off from the corresponding expression by simply counting the
powers of the soft scale (i.e. the three-momenta of the nucleons and external sources and M⇡ ) and
adding to the resulting dimension the factor of 3(n � 2) to account for the different normalization of
n-nucleon states.

There are only vanishing contributions at order Q�2:

A0,a (Q�2)
1N:static = 0, EAa (Q�2)

1N:static = 0. (4.3)

At order Q�1, we encounter three kinds of corrections. First, as alreadymentioned, there are terms
emerging from the time-dependence of unitary transformations in diagram (2) of Fig. 2, which have
the form

A0,a (Q�1)
1N:UT0 = gA

2
k0

k2 + M2
⇡

Ek · E�i⌧
a
i , (4.4)

EAa (Q�1)
1N:UT0 = 0. (4.5)

Secondly, we encounter the leading one-loop contributions together with tree-level diagrams with
a single insertion of the L

(3)
⇡N vertices. There are no loop contributions to the charge operator at

this order. More precisely, the leading one-loop contributions to the charge operator turn out to
be proportional to the energy transfer and are thus shifted to order Q . In Fig. 3, we show the non-
vanishing loop diagrams that contribute to the current (charge) operator at orderQ�1 (Q ). The explicit
dependence on the unitary phases for the charge operator is given by

(3), (4) ⇠ k0
↵ax
10 + ↵ax

11 � ↵ax
13

k2 + M2
⇡

. (4.6)

One-loop contributions to the current operator are, on the other hand, independent of the unitary
phases. Further, in Fig. 4, we show tree-level and tadpole diagrams which generate nonvanishing
contributions to the current operator, which turn out to be independent on the unitary phases. The
final result for the charge and current operators at order Q�1 in the static limit is given by

A0,a (Q�1)
1N:static = 0,

EAa (Q�1)
1N:static = 1
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i � d̄18M2

⇡⌧ a
i

Ek Ek · E�i

k2 + M2
⇡

. (4.7)

Finally, we have to take into account the leading relativistic 1/m-corrections which in our counting
scheme start contributing at order Q�1. The corresponding diagrams are shown in Fig. 5. Diagram (1)
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Warmup problem: single-nucleon point charge operator
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with  Gp
E = 1
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and Gn
E = 0
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Fig. 2. Diagrams generating the lowest-order contribution EA(Q�3)
1N . Diagram (2) also contributes to A0 (Q�1)

1N as explained in the
text. Solid dots denote vertices fromL

(1)
⇡N . Diagrams resulting from the application of the time reversal operation are not shown.

For remaining notation see Fig. 1.

A0,a (Q�3)
1N:static = 0,

EAa (Q�3)
1N:static = �gA

2
⌧ a
i

✓

E�i �
Ek Ek · E�i

k2 + M2
⇡

◆

. (4.2)

Notice that in the notation we are using, the chiral dimension of an n-nucleon contribution to the
current operator can be easily read off from the corresponding expression by simply counting the
powers of the soft scale (i.e. the three-momenta of the nucleons and external sources and M⇡ ) and
adding to the resulting dimension the factor of 3(n � 2) to account for the different normalization of
n-nucleon states.

There are only vanishing contributions at order Q�2:

A0,a (Q�2)
1N:static = 0, EAa (Q�2)

1N:static = 0. (4.3)

At order Q�1, we encounter three kinds of corrections. First, as alreadymentioned, there are terms
emerging from the time-dependence of unitary transformations in diagram (2) of Fig. 2, which have
the form

A0,a (Q�1)
1N:UT0 = gA

2
k0

k2 + M2
⇡

Ek · E�i⌧
a
i , (4.4)

EAa (Q�1)
1N:UT0 = 0. (4.5)

Secondly, we encounter the leading one-loop contributions together with tree-level diagrams with
a single insertion of the L

(3)
⇡N vertices. There are no loop contributions to the charge operator at

this order. More precisely, the leading one-loop contributions to the charge operator turn out to
be proportional to the energy transfer and are thus shifted to order Q . In Fig. 3, we show the non-
vanishing loop diagrams that contribute to the current (charge) operator at orderQ�1 (Q ). The explicit
dependence on the unitary phases for the charge operator is given by

(3), (4) ⇠ k0
↵ax
10 + ↵ax

11 � ↵ax
13

k2 + M2
⇡

. (4.6)

One-loop contributions to the current operator are, on the other hand, independent of the unitary
phases. Further, in Fig. 4, we show tree-level and tadpole diagrams which generate nonvanishing
contributions to the current operator, which turn out to be independent on the unitary phases. The
final result for the charge and current operators at order Q�1 in the static limit is given by

A0,a (Q�1)
1N:static = 0,

EAa (Q�1)
1N:static = 1

2
d̄22

⇣

E�ik2 � Ek Ek · E�i

⌘

⌧ a
i � d̄18M2

⇡⌧ a
i

Ek Ek · E�i

k2 + M2
⇡

. (4.7)

Finally, we have to take into account the leading relativistic 1/m-corrections which in our counting
scheme start contributing at order Q�1. The corresponding diagrams are shown in Fig. 5. Diagram (1)
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Summary
• power counting in 3NF sector sensitively depends on regularization scheme

• developed efficient framework to compute general 3NF for basically 
arbitrary regulators in coordinate or momentum space

• adaption of framework to calculation of general one- and two-body 
nuclear currents (benchmarks finished for first simple test cases)
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Open Questions

• more systematic study of power counting        uncertainty estimates in fits?

• how to avoid fine tuning/cancellations in fits at N3LO? 

• inclusion of new observables in fitting frameworks
★ identify relevant nuclear currents
★ regularization of currents?


