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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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Nuclear currents in chiral EFT
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Electroweak probes on nucleons and nuclei can be described by current formalism
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Regularization of NN Force 

Regularize one-pion-exchange propagator: (inspired by Rijken ’91)

all 1/!-corrections are short-range interactions

Reinert, HK, Epelbaum ’17 

Implement similar regularization for two-pion exchange

J
µ

jµ

�,W,Z

p

N

1

q2 +M2
⇡

!

exp
⇣
�

q2+M2

⇡
⇤2

⌘

q2 +M2
⇡

=
1

q2 +M2
⇡

�
1

⇤2
+

q
2 +M

2
⇡

2⇤4
+ . . .

V (q) =
2

⇡

Z 1

2M⇡

dµµ
⇢(µ)

q2 + µ2
! V⇤(q) =

2

⇡

Z 1

2M⇡

dµµ
⇢(µ)

q2 + µ2
exp

✓
�
q
2 + µ

2

2⇤2

◆

400MeV < ⇤ < 550MeV

X(⌫, t) =
1X

m,n=0

xmn⌫
m
t
n

⌫̄µ µ
�

W
�

mp = 938MeV, mn = 940MeV

pi ⌧ ⇤�

mN ⇠ 1GeV ⇠ ⇤�

E
i
kin ⌧ mN

E
i
kin =

p
2
i

2mN
+O(1/m2

N )

h A|

AX

i=1

�
E

i
kin =

q
p
2
i +m

2
N �mN

�
| Ai < E

A
b ⌧ AmN

h A|

AX

i=1

p
2
i

mN
| Ai < Eb ⌧ AmN

Q/⇤�

l
0

A
0(~k = 0, k0 = 0) = A

0
LO(~k = 0, k0 = 0)

(g⇢)unquenched = 2.21(8)

�
2
/dof

T⇡ > 250MeV

d14�15 = �9.88(7)

⇤b ⇠ 600MeV

1

J
µ

jµ

�,W,Z

p

N

1

q2 +M2
⇡

!
exp

!
" q2+M2

!
! 2

"

q2 +M2
⇡

=
1

q2 +M2
⇡

"
1

⇤2
+

q
2 +M

2
⇡

2⇤4
+ . . .

V (q) =
2

⇡

# 1

2M!

dµµ
⇢(µ)

q2 + µ2
! V! (q) =

2

⇡

# 1

2M!

dµµ
⇢(µ)

q2 + µ2
exp

$
"
q
2 + µ

2

2⇤2

%

400MeV < ⇤ < 550MeV

X(⌫, t) =
1&

m,n=0

xmn⌫
m
t
n

⌫̄µ µ
�

W
�

mp = 938MeV, mn = 940MeV

pi # ⇤�

mN $ 1GeV $ ⇤�

E
i
kin # mN

E
i
kin =

p
2
i

2mN
+ O(1/m2

N )

% A|
A&

i=1

'
E

i
kin =

(
p
2
i +m

2
N " mN

)
| A&< E

A
b # AmN

% A|
A&

i=1

p
2
i

mN
| A&< Eb # AmN

Q/⇤�

l
0

A
0(~k = 0, k0 = 0) = A

0
LO(~k = 0, k0 = 0)

(g⇢)unquenched = 2.21(8)

�
2
/dof

T⇡ > 250MeV

d14�15 = " 9.88(7)

⇤b $ 600MeV

1

Compared to simple gaussian regulator                 ! N-coupling gets quenched

J
µ

jµ

�,W,Z

p

N

exp

✓
�

q
2

⇤2

◆

1

q2 +M2
⇡

!

exp
⇣
�

q2+M2

⇡
⇤2

⌘

q2 +M2
⇡

=
1

q2 +M2
⇡

�
1

⇤2
+

q
2 +M

2
⇡

2⇤4
+ . . .

V (q) =
2

⇡

Z 1

2M⇡

dµµ
⇢(µ)

q2 + µ2
! V⇤(q) =

2

⇡

Z 1

2M⇡

dµµ
⇢(µ)

q2 + µ2
exp

✓
�
q
2 + µ

2

2⇤2

◆

400MeV < ⇤ < 550MeV

X(⌫, t) =
1X

m,n=0

xmn⌫
m
t
n

⌫̄µ µ
�

W
�

mp = 938MeV, mn = 940MeV

pi ⌧ ⇤�

mN ⇠ 1GeV ⇠ ⇤�

E
i
kin ⌧ mN

E
i
kin =

p
2
i

2mN
+ O(1/m2

N )

h A|
AX

i=1

�
E

i
kin =

q
p
2
i +m

2
N �mN

�
| Ai < E

A
b ⌧ AmN

h A|
AX

i=1

p
2
i

mN
| Ai < Eb ⌧ AmN

Q/⇤�

l
0

A
0(~k = 0, k0 = 0) = A

0
LO(~k = 0, k0 = 0)

(g⇢)unquenched = 2.21(8)

�
2
/dof

T⇡ > 250MeV

1

J
µ

jµ

�,W,Z

p

N

gA ! gA exp

✓
�
M

2
⇡

2⇤2

◆
< gA

exp

✓
�

q
2

⇤2

◆

1

q2 +M2
⇡

!

exp
⇣
�

q2+M2

⇡
⇤2

⌘

q2 +M2
⇡

=
1

q2 +M2
⇡

�
1

⇤2
+

q
2 +M

2
⇡

2⇤4
+ . . .

V (q) =
2

⇡

Z 1

2M⇡

dµµ
⇢(µ)

q2 + µ2
! V⇤(q) =

2

⇡

Z 1

2M⇡

dµµ
⇢(µ)

q2 + µ2
exp

✓
�
q
2 + µ

2

2⇤2

◆

400MeV < ⇤ < 550MeV

X(⌫, t) =
1X

m,n=0

xmn⌫
m
t
n

⌫̄µ µ
�

W
�

mp = 938MeV, mn = 940MeV

pi ⌧ ⇤�

mN ⇠ 1GeV ⇠ ⇤�

E
i
kin ⌧ mN

E
i
kin =

p
2
i

2mN
+O(1/m2

N )

h A|

AX

i=1

�
E

i
kin =

q
p
2
i +m

2
N �mN

�
| Ai < E

A
b ⌧ AmN

h A|

AX

i=1

p
2
i

mN
| Ai < Eb ⌧ AmN

Q/⇤�

l
0

A
0(~k = 0, k0 = 0) = A

0
LO(~k = 0, k0 = 0)

(g⇢)unquenched = 2.21(8)

1



SMS Regulator & Chiral Symmetry

Chiral Symmetry is preserved by SMS regulator in NN force

NN contact LECs are not constrained by chiral symmetry

Chiral Symmetry is preserved by SMS regulator in 3N force at N2LO

There are no vertices with three or more pions at this order

Chiral Symmetry is violated by SMS regulator in 3N and 4N forces at N3LO

&
Without modiÞcation of four-pion vertex nuclear forces 
start to depend on chiral parametrization
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Naive local cut-off regularization of the current and potential

1/m - corrections to pion-pole OPE current
proportional to gA

&

First iteration with OPE NN potential

No such D-like term in chiral Lagrangian

To be compensated by two-pion-one-pion-exchange            if calculated via cutoff regularization

In dim. reg.           is Þnite

V Q0,⇤
1⇡ = � g2A

4F 2
⇡

⌧1 · ⌧2
~q1 · ~�1~q1 · ~�2

q21 +M2
⇡

exp

✓
�q21 +M2

⇡

⇤2

◆

<latexit sha1_base64="b/NtLeCY3fRTDNgOToz5PMW07gM="></latexit><latexit sha1_base64="b/NtLeCY3fRTDNgOToz5PMW07gM="></latexit><latexit sha1_base64="b/NtLeCY3fRTDNgOToz5PMW07gM="></latexit><latexit sha1_base64="b/NtLeCY3fRTDNgOToz5PMW07gM="></latexit>

BERNARD, EPELBAUM, KREBS, AND MEI§NER PHYSICAL REVIEW C84, 054001 (2011)

(7)(1) (2) (3) (4) (5) (6)

FIG. 3. Tree diagrams contributing to the two-pion-exchange and one-pion-exchange-contact topology of the 3NF at N3LO. The solid
boxes denote insertions of either subsubleadingdi vertices from the effective pion-nucleon Lagrangian or the leading 1/m corrections. For
notation see Fig.1.

there are also no contributions at N3LO from tree diagrams
involving one insertion of the higher-orderdi vertices in the
effective Lagrangian [see graphs (6) and (7) in Fig.3] except
for the relativistic corrections which will be considered in
Sec.IV. As explained in Ref. [4], the contributions from these
diagrams are suppressed by at least one power ofQ/m where
Q denotes a genuine soft scale.

We are thus left with Eqs. (2.1) and (2.3) as the only
nonvanishing contributions to the one-pion-exchange-contact
3NF topology. We now show that these terms cancel each
other exactly if one takes into account the antisymmetric
nature of few-nucleon states. In particular, we use the
identities

!
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2 + ! 2! i
3

"
A23 = −Bi , (2.4)

where the superscripti refers to the Cartesian component of
the Pauli spin matrices and A23 denotes antisymmetrization
with respect to nucleons 2 and 3, which, for a momentum-
independent operatorX , can be written in the form

(X)A23 ≡ 1
2

#
X − 1 + !⃗ 2 á!⃗ 3

2
1 + ! 2 á! 3

2
X

$
. (2.5)

It is easy to see that adding the contribution from interchanging
the nucleons 2 and 3 to Eqs. (2.1) and (2.3) and performing
antisymmetrization with respect to these nucleons leads to
a vanishing result. Therefore, we conclude that there are no
one-pion-exchange-contact terms in the 3NF at N3LO.

III. TWO-PION-EXCHANGE-CONTACT TOPOLOGY

We now turn to the two-pion-exchange-contact diagrams
shown in Fig. 4. Evaluating the matrix elements of the
operators listed in Eq. (A1)

for diagrams (1)Ð(7) in this Þgure we Þnd theg4
ACS andg4

ACT contributions to the two-pion-exchange-contact topology of the
form
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FIG. 3. Tree diagrams contributing to the two-pion-exchange and one-pion-exchange-contact topology of the 3NF at N3LO. The solid
boxes denote insertions of either subsubleadingdi vertices from the effective pion-nucleon Lagrangian or the leading 1/m corrections. For
notation see Fig.1.

there are also no contributions at N3LO from tree diagrams
involving one insertion of the higher-orderdi vertices in the
effective Lagrangian [see graphs (6) and (7) in Fig.3] except
for the relativistic corrections which will be considered in
Sec.IV. As explained in Ref. [4], the contributions from these
diagrams are suppressed by at least one power ofQ/m where
Q denotes a genuine soft scale.

We are thus left with Eqs. (2.1) and (2.3) as the only
nonvanishing contributions to the one-pion-exchange-contact
3NF topology. We now show that these terms cancel each
other exactly if one takes into account the antisymmetric
nature of few-nucleon states. In particular, we use the
identities
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where the superscripti refers to the Cartesian component of
the Pauli spin matrices and A23 denotes antisymmetrization
with respect to nucleons 2 and 3, which, for a momentum-
independent operatorX , can be written in the form

(X)A23 ≡ 1
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It is easy to see that adding the contribution from interchanging
the nucleons 2 and 3 to Eqs. (2.1) and (2.3) and performing
antisymmetrization with respect to these nucleons leads to
a vanishing result. Therefore, we conclude that there are no
one-pion-exchange-contact terms in the 3NF at N3LO.

III. TWO-PION-EXCHANGE-CONTACT TOPOLOGY

We now turn to the two-pion-exchange-contact diagrams
shown in Fig. 4. Evaluating the matrix elements of the
operators listed in Eq. (A1)

for diagrams (1)Ð(7) in this Þgure we Þnd theg4
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boxes denote insertions of either subsubleading di vertices from the effective pion-nucleon Lagrangian or the leading 1/m corrections. For
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there are also no contributions at N3LO from tree diagrams
involving one insertion of the higher-order di vertices in the
effective Lagrangian [see graphs (6) and (7) in Fig. 3] except
for the relativistic corrections which will be considered in
Sec. IV. As explained in Ref. [4], the contributions from these
diagrams are suppressed by at least one power of Q/m where
Q denotes a genuine soft scale.

We are thus left with Eqs. (2.1) and (2.3) as the only
nonvanishing contributions to the one-pion-exchange-contact
3NF topology. We now show that these terms cancel each
other exactly if one takes into account the antisymmetric
nature of few-nucleon states. In particular, we use the
identities
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where the superscript i refers to the Cartesian component of
the Pauli spin matrices and A23 denotes antisymmetrization
with respect to nucleons 2 and 3, which, for a momentum-
independent operator X , can be written in the form

(X )A23 ≡ 1
2

(
X − 1 + σ⃗2 · σ⃗3

2
1 + τ 2 · τ 3

2
X

)
. (2.5)

It is easy to see that adding the contribution from interchanging
the nucleons 2 and 3 to Eqs. (2.1) and (2.3) and performing
antisymmetrization with respect to these nucleons leads to
a vanishing result. Therefore, we conclude that there are no
one-pion-exchange-contact terms in the 3NF at N3LO.

III. TWO-PION-EXCHANGE-CONTACT TOPOLOGY

We now turn to the two-pion-exchange-contact diagrams
shown in Fig. 4. Evaluating the matrix elements of the
operators listed in Eq. (A1)
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Call for Consistent Regularization
Violation of chiral symmetry due to different regularizations: Dim. reg. vs cutoff reg.

35

FIG. 13: One-pion exchange diagrams leading to non-vanishing 1/m-contributions to ~A
(Q)
2N . Open rectangles refer to 1/m-

vertices from L(2)
⇡N . For remaining notation see Fig. 10.

current operator have the form
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where the vector-valued quantities ~Bi depend on various momenta and the Pauli spin matrices and are given by

~B1 = g
2

A
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It is not quite straightforward to make a connection between the derived relativistic corrections to the axial current
operator and the corresponding 1/m-terms appearing in the 3N force at N3LO. This is because the later ones also

Naive local cut-off regularization of the current and potential

1/m - corrections to pion-pole OPE current
proportional to gA
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2N: 1⇡,1/m = i [⌧1 ⇥ ⌧2]

a gA
8F 2

⇡m

~k

(k2 +M2
⇡)(q

2
1 +M2

⇡)

⇣
~k2 · (~k + ~q1)� ~k1 · ~q1 + i~k · (~q1 ⇥ ~�2)

⌘
+ 1 $ 2

<latexit sha1_base64="pc/RjRQA2o5x9mOzbr9DQ1mOeQg="></latexit><latexit sha1_base64="pc/RjRQA2o5x9mOzbr9DQ1mOeQg="></latexit><latexit sha1_base64="pc/RjRQA2o5x9mOzbr9DQ1mOeQg="></latexit><latexit sha1_base64="pc/RjRQA2o5x9mOzbr9DQ1mOeQg="></latexit>

&

First iteration with OPE NN potential

+ . . .
<latexit sha1_base64="O0AJ3UeMWdfERnK6u2yhb0ckIR8="></latexit><latexit sha1_base64="O0AJ3UeMWdfERnK6u2yhb0ckIR8="></latexit><latexit sha1_base64="O0AJ3UeMWdfERnK6u2yhb0ckIR8="></latexit><latexit sha1_base64="O0AJ3UeMWdfERnK6u2yhb0ckIR8="></latexit>

No such counter term in chiral Lagrangian

!Aa, (Q: gA ,! )
2N: 1 ! ,1/m

1
E ! H0 + i "

V O 0 ,!
1! + V O 0 ,!

1!
1

E ! H0 + i "
!Aa, (Q: gA ,! )

2N: 1 ! ,1/m = !
g3

A

32
"

2#3/ 2F 4
!

([$1]a ! [$2]a)
!k

k2 + M 2
!

!q1 á!%1
<latexit sha1_base64="CKlqMD1cg7/1eQguz3xKnb+Ccm8="></latexit><latexit sha1_base64="CKlqMD1cg7/1eQguz3xKnb+Ccm8="></latexit><latexit sha1_base64="CKlqMD1cg7/1eQguz3xKnb+Ccm8="></latexit><latexit sha1_base64="CKlqMD1cg7/1eQguz3xKnb+Ccm8="></latexit>

To be compensated by two-pion-exchange current          if calculated via cutoff regularization~Aa (Q)
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Higher Derivative Regularization

Change leading order pion - Lagrangian (modify free part)

Every derivative should be covariant one
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has to be invariant under               L (2)
! ,! SU(2)L ! SU(2)R ! U(1)V

Lagrangian         should be formulated in terms of L (2)
! ,! U(!" (x)) ! SU(2)
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Based on ideas: Slavnov, NPB31 (1971) 301;  
Djukanovic et al. PRD72 (2005) 045002; Long and Mei  PRC93 (2016) 044003
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Building blocks

Gasser, Leutwyler ´84, ´85; Bernard, Kaiser, Meißner ´95
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Higher Derivative Regularization
Regularization of pion - Lagrangian will not affect nucleon Green function

Schršdinger or LS-equations get not modiÞed

Only nuclear forces get affected

We are not going to change pion-nucleon Lagrangian

Not every chiral symmetric higher derivative extension of pion - Lagrangian 
leads to a regularized theory

L (2)
! =

F 2

4
Tr

!
! µ U  ! µ U

"
!

F 2

4
Tr

#
! µ U  exp

$
" "! 2/ ! 2

%
! µ U

&
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Unregularization of two propagators



Higher Derivative Regularization
Four-nucleon force as a regularization test

Only two linear combinations of momenta get regularized Unregularized 4NF

Which additional constrain is needed to construct a regularized theory?

All higher derivative terms of the non-linear sigma model Lagrangian
in Slavnov, NPB31 (1971) 301 are proportional to equation of motion

Generalize this idea to chiral EFT: all additional terms ~ EOM

classical equation of motion for pions



Higher Derivative Lagrangian

To construct a parity-conserving regulator it is convenient to work with building-blocks

Possible ansatz for higher derivative pion Lagrangian

Expand         in               Lorentz-invariance only perturbatively 



ModiÞed Vertices

Enhanced by exp
!

p2

! 2

"
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Every propagator is suppressed by

Pionic sector becomes unregularized

Use dimensional on top of high derivative regularization 

Dimensional regularization will not affect effective potential and
Schršdinger or LS equations but will regularize pionic sector
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Regularization of 3NF at N3LO
Modify pion-propagators in all 3NF diagrams

Recalculate 3NF diagrams with four-pion vertices

No four-pion vertices in 
ring and 2𝛑-1𝛑 topologies

&

ModiÞed four-pion vertex 
leads to exponential increase 
in momenta

3NFÕs do not depend on
chiral parametrization of 
U - Þelds by construction

Large cut-off limit of the 3NF: we see linear divergence which we 
can not be absorbed by rescale of ciÕs and CD LECs

Non-renormalizable 3NF at N3LO



Renormalizable 3NF at N3LO

Introduce additional unitary transformations            to renormalize 3NF at N3LO! 1/ ! 2
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Introduced unitary transformation modiÞes relativistic corrections
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From naive dimensional analysis this D-like term is of order     (N5LO)Q3
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Neglecting this term, however, will lead to divergent iteration with OPE
in              limit which can not be absorbed by LECs at any order! ! "
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Regularization of Vector Current 

Modify pion-propagators in a vector current

Modify two-pion-photon vertex

ModiÞed two-pion-photon vertex 
leads to exponential increase 
in momenta



Regularization of Vector Current 
Regularization of pion-exchange vector current

Riska prescription: longitudinal part of the current can be derived 
                               from continuity equation (Siegert theorem)

Riska, Prog. Part. Nucl. Phys. 11 (1984) 199
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Higher orders           work in progress



Application to Electromagnetic Charge 
Electromagnetic charge operators in chiral EFT

4 Hermann Krebs: Nuclear Currents in Chiral E ! ective Field Theory

5 Nuclear currents in chiral EFT

In this section we summarize all expressions of the nu-
clear currents up to order Q in chiral expansion. We skip
here the discussion of their construction. All details about
Feynman diagrams and specification of unitary phases can
be found in [2,6,7].

5.1 Power counting

We adopt here a two-nucleon power counting where we
perform power counting of momenta and masses of light
degrees of freedom (which we universaly denote by Q) in
the two-nucleon system. Even if we look at single nucleon
current we consider it in the presence of the second nu-
cleon which plays a role of a spectator. Due to the presence
of spectator we have to multiply single nucleon current op-
erator by a three-dimensional delta-function which counts
as Q! 3. A Feynman diagram which contributes to current
operators counts as Q

! where

! = ! 3 +
!

i

Vi " i . (41)

Here Vi denotes the number of vertices of a type " i where
" i denotes inverse mass dimension of the coupling constant
in the vertex

" = d +
3

2
n + p + c ! 4. (42)

Here, d is the number of derivatives and/or pion masses.
The letters n, p and c denote here the number of nucleon-
fields, pion-fields and the number of external sources, re-
spectively.

We adopt here a two-nucleon power counting where
1/m-contributions count as two powers of Q

Q

m
"

Q
2

# 2
"
. (43)

Here # " " 700 MeV is chiral symmetry breaking scale.

5.2 Vector current up to order Q

5.2.1 Single nucleon current

We start our discussion with electromagnetic vector cur-
rent. Leading contribution to the vector current starts at
the order Q! 3. At this order there is only a contribution to
single-nucleon charge operator. It is well known that chi-
ral expansion of the single nucleon current does not con-
verge well. For moderate virtualities Q

2 " 0.3 GeV2 phe-
nomenological explicit inclusion of $-meson is essential.
For this reason the usual practice is to parametrize sin-
gle nucleon vector current by e.g. Sachs form factors and
use their phenomenological form extracted from experi-
mental data in practical calculations. The general form
of the single-nucleon current can be characterized by its

non-relativistic one over the nucleon mass expansion given
symbolicaly by
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0

1N:static + V
0

1N:1 /m + V
0

1N:1 /m 2 , (44)

V 1N = V 1N:static + V 1N:1 /m + V 1N:1 /m 2 + V 1N:o ! ! shell .

In terms of Sachs formfactors the non-relativistic charge
is parametrized by

V
0

1N:static = eGE (Q2),

V
0

1N:1 /m =
i e

2m2 k á(k 1 # ! )GM (Q2),

V
0

1N:1 /m 2 = !
e

8m2

"
Q

2 + 2 i k á(k 1 # ! )
#
GE (Q2), (45)

and the non-relativistic current is given by

V 1N:static = !
i e

2m
k # ! GM (Q2),

V 1N:1 /m =
e

m
k 1 GE (Q2),

V 1N:1 /m 2 =
e

16m3

$
i k # ! (2k 2

1 + Q
2) + 2 i k # k 1 k 1 á!

+ 2k 1(i k á(k 1 # ! ) + Q
2) ! 2 k k ák 1

+ 6 i k 1 # ! k ák 1

%
GM (Q2), (46)

where k is a photon momentum, k 1 = (p " + p)/2, and
p"(p) are outgoing (incoming) momenta of the single nu-
cleon current operator. As already briefly explained in
Sec. 3 (see [8] for more comprehensive discussion) we ap-
ply unitary transformations on Hamilton operator which
explicitely depend on external source and thus on time.
These unitary transformation generate o! -shell contribu-
tions to the longitudinal component of the current which
depend on energy transfer k0 and additional relativistic
1/m corrections. This contribution can also be parametrized
by Sachs formfactors via

V 1N:o ! ! shell = k
&
k0 !

k ák 1

m

'
e

Q2

$
(
GE (Q2) ! GE (0)

)

+
i

2m2 k á(k 1 # ! )
(
GM (Q2) ! GM (0)

)
%
.

(47)

5.2.2 Two-nucleon vector current

We switch now to a discussion of the two-nucleon vector
current operator. Various contributions can be character-
ized by number of pion exchanges and/or short range in-
teractions

V
µ

2N = V
µ

2N:1 # + V
µ

2N:2 # + V
µ

cont . (48)

One-pion-exchange vector current Leading contribution
to the one-pion-exchange (OPE) current shows up at the
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order Q! 1. At this order we get a well known result for
current operator

V (Q ! 1 )
2N:1 ! = i

eg2
A

4F 2
!

[! 1 ! ! 2]3
q2 á" 2

q2
2 + M 2

!

!
q1

q1 á" 1

q2
1 + M 2

!
" " 1

"

+ 1 # 2, (49)

and for the charge operator

V 0,(Q ! 1 )
2N:1 ! = 0 . (50)

Here e is electric coupling, gA axial vector coupling to
the nucleon, F! pion decay constant, M ! pion mass, " i
and ! i are Pauli spin and isospin matrices with labeli =
1, 2 labeling a corresponding nucleon. Momentaq1,2 are
deÞned b

qi = p"
i " pi , (51)

where i = 1 , 2 and p"
i or pi are outgoing or incoming

momenta of the i -th nucleon, respectively.
There is no contribution at order Q0 such that the

next correction starts at the order Q which are leading
one-loop contributions in the static limit and/or leading
relativistic correction to OPE current

V µ, (Q)
2N:1 ! = V µ, (Q)

2N:1 ! , static + V µ, (Q)
2N:1 ! ,1/m . (52)

Their explicit form of static contributions can be given in
terms of scalar functionsf 1... 6(k). The vector contribution
is given by [7]

V (Q)
2N:1 ! , static =

" 2 áq2

q2
2 + M 2

!
q1 ! q2

#
[! 2]3 f 1(k)

+ ! 1 á! 2 f 2(k)] + [ ! 1 ! ! 2]3
" 2 áq2

q2
2 + M 2

!

$

k ! [q2 ! " 1] f 3(k) + k ! [q1 ! " 1] f 4(k)

+ " 1 áq1

!
k
k2 "

q1

q2
1 + M 2

!

"
f 5(k)

+
%

" 1 áq1

q2
1 + M 2

!
q1 " " 1

&
f 6(k)

'
+1 # 2, (53)

where the scalar functionsf i (k) are given by

f 1 (k) = 2 ie
gA

F 2
!

ød8 , f 2 (k) = 2 ie
gA

F 2
!

ød9 ,

f 3 (k) = " ie
gA

64F 4
! ! 2

#
g3

A (2L(k) " 1) + 32F 2
! ! 2 ød21

(
,

f 4 (k) = " ie
gA

4F 2
!

ød22 ,

f 5 (k) = " ie
g2

A

384F 4
! ! 2

%
2(4M 2

! + k2)L (k) +
!

6øl6 "
5
3

"
k2

" 8M 2
!

(
,

f 6 (k) = " ie
gA

F 2
!

M 2
!

ød18 . (54)

Here ødi are low-energy constants (LEC) from Q3 pion-
nucleon Lagrangian.øl6 is a LEC from Q4 pion-Lagrangian.

Their values can be Þxed from pion-nucleon scattering and
pion-photo- or elektroproduction. The charge contribution
is given by

V 0,(Q)
2N:1 ! , static =

" 2 áq2

q2
2 + M 2

!
[! 2]3

%
" 1 ák q 2 ák f 7(k) + " 1 áq2f 8(k)

&

+ 1 # 2, (55)

where

f 7(k) = e
g4

A

64F 4
! !

%
A(k) +

M ! " 4M 2
! A(k)

k2

&
,

f 8(k) = e
g4

A

64F 4
! !

#
(4M 2

! + k2)A(k) " M !
(

. (56)

The loop function L(k) and A(k) are deÞned

L(k) =
1
2

)
k2 + 4M 2

!

k
log

* )
k2 + 4M 2

! + k
)

k2 + 4M 2
! " k

+

,

A(k) =
1
2k

arctan
!

k
2M !

"
. (57)

Relativistic corrections for the vector operator vanish

V (Q)
1! :1/m = 0 . (58)

Relativistic corrections for the charge operator are

V 0,(Q)
2N:1 ! ,1/m =

eg2
A

16F 2
! mN

1
q2

2 + M 2
!

$
(1 " 2ø" 9)

!
,
[! ]32 + ! 1 á! 2

-
" 1 ák" 2 áq2 " i (1 + 2 ø" 9) [! 1 ! ! 2]3

!
%
" 1 ák 1" 2 áq2 " " 2 ák 2" 1 áq2 " 2

" 1 áq1

q2
1 + M 2

!
" 2 áq2

! q1 ák 1

&'
+

eg2
A

16F 2
! mN

" 1 áq2 " 2 áq2

(q2
2 + M 2

! )2

%
(2 ø" 8 " 1)

! ([! 2]3 + ! 1 á! 2)q2 ák + i [! 1 ! ! 2]3
,,

2ø" 8 " 1
-

q2 ák 1

"
,
2ø" 8 + 1

-
q2 ák 2

-
&

+ 1 # 2. (59)

Here ø" 8 and ø" 9 are phases from unitary transformations
which are not Þxed. The same phases show up in nuclear
forces. Usually they are Þxed by requirement of minimal
non-locality of OPE NN potential.

Two-pion-exchange vector current Contributions to two-
pion-exchange (TPE) vector current start to show up at
order Q. These contributions are parameter free. Due to
the appearance of three-point functions the expressions
are involved and will not be given here. Their explicit
form can be found in App. B of [6].

Short range vector current XXX: I get factor 1/2
di↵erence! To be checked XXX The Þrst contribution

Static 2N charge operator does not contribute to deuteron form factors

Apply higher derivative regularization
to relativistic correction of the charge

1N charge operator is parametrized in terms of em form factors

HK, Epelbaum, Mei§ner arXiv:1902.06839 [nucl-th]



Charge Form Factor of Deuteron 

Semilocal momentum space (SMS) 
regularized NN force
Reinert, HK, Epelbaum ’17 

Cutoff 450 MeV 

Excellent description of the data for regularized charge even at higher 
momentum transfer Q

1N electromagnetic form factors 

Belushkin, Hammer, Meißner ’07 
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Summary

Local regulator in momentum space chosen not to affect analytic structure
of NN force at any order in 1/𝝠-expansion

Naive application of the same regulator violates chiral symmetry in 3NFÕs

Higher derivative in combination with dimensional regularization in pion-sector
regularizes 3NFÕs and currents respecting all symmetries

Appearance of modiÞed four-pion and pion-current vertices

First applications to deuteron form factors
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