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 Introduction

NN interaction is strong, resummations/nonperturbative methods needed... 

Weinberg ʼ91Simplification: nonrelativistic problem (                        ) |�pi | ∼ Mπ � mN
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the QM A-body problem
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derivable in ChPT

The roadmap: QCD         Chiral Perturbation Theory          hadron dynamics
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unified description of ππ, 
πN and NN
consistent many-body 
forces and currents
systematically improvable

bridging different reactions 
(electroweak, π-prod., ...)
precision physics with/from 
light nuclei

contact interactions

multiple GB 
exchange (ChPT)



 
Electromagnetic currents
(one-photon exchange approximation)

can be systematically derived
in chiral EFT

for Compton scattering see talks by Harald Grießhammer and Winfried Leidemann



Order well known since decades Chemtob, Rho, Friar, Riska, Adam, …

Order

TOPT: Pastore, Schiavilla, Girlanda, Viviani;   UT: Kölling, Krebs, EE, Meißner 
More recent calculations, general kinematics

First ChPT calculations
Park, Min, Rho ʼ95;  Park, Kubodera, Min, Rho;  Song, Lazauskas, Park, Min, ...

Application to               at threshold:

to be compared with

 Electromagnetic exchange currents 

ω ∼ M2
π/m, |�q | ∼ Mπ

1

Notice: 3N diagrams do not yield
        currents at this order...



 From Leff to nuclear forces/currents
Method of unitary transformation  (Taketani, Mashida, Ohnuma, Okubo, EE, Glöckle, Meißner, Krebs, Kölling)

Canonical transformation & quantization:
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Only           is needed below the pion production threshold

We employ all additional UTs possible at a given order in the expansion
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Renormalizability             unambigous results for 4NF & (static) 3NF upto N3LO

H̃nucl

1

EE ʼ06,ʼ07;  Bernard, EE, Krebs, Meißner ʼ08 

„Minimal“ UT computed perturbatively H =
�∞

κ=1(1/Λ)
κ
H
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, κi = di +
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1π-exchange should
factorize out

time-ordered graphs

Nuclear potentials are not uniquely defined.  Employing additional UTs in Fock space, it  
was (so far) always possible to maintain renormalizability at the level of the nuclear 
Hamiltonian. Same problem emerges for the current operators…  

Solution (E.E.ʼ06)   

cannot renormalize the potential !
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Effective current operator

Jµ → J̃µ = U †

1

U =

1

J̃nucl
µ

1

Jµ(x) = ∂ν
∂LπNγ

∂(∂νAµ)
− ∂LπNγ

∂Aµ

1

„Bare“ current

Effective hadronic current

Need additional,      -dependent UTs                           to enforce renormalizabilityAµ

1

ηU �η
���
Aµ=0

= 1η

1
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FIG. 1: Leading loop contributions to the one-pion exchange current operator. Solid and dashed lines refer to nucleons and
pions, respectively. Solid dots are the lowest-order vertices from the effective Lagrangian while the circle-crosses represent
insertions of the electromagnetic vertices as explained in the text. Diagrams resulting from interchanging the nucleon lines are
not shown.
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FIG. 3: Contributions of the counter terms. Solid dots are the lowest-order vertices from the effective Lagrangian while the
crosses represent insertions of the electromagnetic vertices as explained in the text. For remaining notation see Fig. 1.

These operators give rise to diagrams shown in Fig. 3. The explicit form of all vertices entering this expression can
be found in appendix A. Evaluating the corresponding matrix elements we obtain the following expressions for the
current density

!Jtree = 2e
g̊A i

F 2

(

d8τ
3
2 + d9 (!τ1 · !τ2)

) !σ2 · !q2
q22 +M2

π

[!q1 × !q2]− e
g̊A i

4F 2
[!τ1 × !τ2]

3 !σ2 · !q2
q22 +M2

π

{

2d21 !k × [!q2 × !σ1]

+ d22 !k × [!q1 × !σ1] + !σ1

[

2M2
π

(

4d16 − 2d18 −
l4g̊A
F 2

)

−
g̊A
2
∆π

]

− !q1
!σ1 · !q1
q21 +M2

π

[

2M2
π

(

4d16 − 2d18 −
l4g̊A
F 2

)

− g̊A∆π + g̊A k2
l6
F 2

− g̊A
l6
F 2

(

q21 − q22
)

]}

, (4.15)

while the contributions to the charge density vanish. This is consistent with the fact that the loop contributions to
the charge density do not contain logarithmic ultraviolet divergences.

C. Renormalization

The expressions given in the previous sections are written in terms of bare parameters and contain ultraviolet-
divergent pieces. These divergences are cancelled after expressing the bare parameters M , g̊A, F , li and di in terms
of the corresponding renormalized quantities. When carrying out renormalization, one should also take into account
the contribution induced by the leading-order (O

(

eQ−1
)

) one-pion exchange current shown in Fig. 4

!J
(eQ−1)
1π = e

i̊g2A
4F 2

[!τ1 × !τ2]
3 !σ2 · !q2
q22 +M2

π

(

!q1
!σ1 · !q1

q21 +M2
π

− !σ1

)

, (4.16)

when expressing the ratio g̊A/F in terms of the physical LECs gA/Fπ. The chiral expansion of this ratio has the form

gA
Fπ

=
g̊A
F

(

1−
2g2A
F 2
π
∆π −

M2
π

F 2
π
l4 + 4

M2
π

gA
d16

)

, (4.17)

Clearly, this relation holds modulo higher-order corrections. The resulting induced correction at order O (eQ) reads:

!J (eQ)
1π = e

g2A i

2F 2
π

!σ2 · !q2
q22 +M2

π
[!τ1 × !τ2]

3
[

!q1
!σ1 · !q1
q21 +M2

π
− !σ1

](

2g2A
F 2
π
∆π +

M2
π

F 2
π
l4 − 4

M2
π

gA
d16

)

. (4.18)

Notice that at the order considered, one can safely replace g̊A and F by the corresponding renormalized quantities in
all expressions given in sections IVA and IVB.
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Loop diagrams with         -vertices

Tree-level diagrams with 1 insertion from 

L(1)
πN

1

L(3)
πN

1

12

FIG. 4: Lowest-order contributions to the pion exchange current operator: the pion-in-flight and seagull graphs. For notation
see Fig. 1.

Consider now the LECs li and di which can be decomposed into the divergent parts and finite pieces as follows:

li = lri (µ) + γiL =
1

16π2
l̄i + γiL+ γi

1

16π2
log

(

Mπ

µ

)

,

di = dri (µ) +
βi

F 2
L = d̄i +

βi

F 2
L+

βi

16π2F 2
log

(

Mπ

µ

)

, (4.19)

where the divergent quantity L is defined in Eq. (B.6). The corresponding coefficients βi and γi in the framework of
dimensional regularization (DR) are well known [14, 16, 17, 19] and read:

β8 = β9 = β18 = β22 = 0, β16 =
1

2
gA + g3A, β21 = −g3A, γ4 = 2, γ6 = −

1

3
. (4.20)

The expressions for all loop integrals that enter the calculation in DR can be found in Appendix B. The only exception
is the part of the class-7 current proportional to the constant δ, for which we did not succeed to find a closed expression.
Inserting the DR expressions for the integrals entering Eqs. (4.9), (4.10) and the pion tadpole contributions discussed
above and replacing the bare LECs in terms of renormalized ones, one observes that indeed almost all divergences
cancel. The only remaining divergent part of the current reads

%Jdiv = −e
g2A i

12F 4
π

[%τ1 × %τ2]
3 %σ2 · %q2
q22 +M2

π

%k L
[

%σ1 · %q1
(

1− β̄1

)

+ g2A %σ1 · %q2 (−2 + 2β + δ)
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This implies that we have to choose β̄1 = 1 and −2 + 2β + δ = 0 in order to be able to renormalize the current
operator. Here and in what follows, we adopt the choice δ = 0 and β = 1.
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Low-energy constants:
 (pion charge radius)

d̄8 GeV2 d̄9 GeV2 d̄20 GeV2 (2 d̄21 − d̄22) GeV2 gγpP11
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gγN1,P33
gγN2,P33

3.35 −0.06 0.61 0.05 −0.33 0.04 −0.44 −0.93

Table 6
Parameters obtained from photoproduction data.

the branch point
√
s = mN −mπ. Though such structures may be expanded

systematically using (29), the convergence would be unnaturally slow in par-

ticular at large J . In order to treat the pole structures accurately we consider

the region mN − 2mπ ≤
√
s ≤ mN −mπ explicitly in the outside part of the

potential. For more technical details we refer to Appendix B. In the residual

outside part of the potential we truncate the expansion (21) at k = 0 for the

s-waves and p-waves.

The parameter set is obtained from the empirical photoproduction s- and p-

wave multipoles. There are in part large discrepancies among different energy-
dependent analyses [63,18]. Therefore we try to adjust the parameters to the

energy independent partial-wave analysis from [63], which is less biased than

the energy dependent multipole analyses. We fit only the real part of the

multipoles, since the imaginary parts are given by Watson’s theorem [64]. Our

preferred parameters are given in Tab. 6.
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Fig. 6. Electric photoproduction multipoles E0+. The data are from [63](filled cir-
cles – energy independent analyses, open circles – energy dependent analysis) and
[18](squares). The solid line denotes the Q3 calculation, the dashed line – Q2 calcu-
lation.
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Low-energy constants:             (fairly) well known;                            - less 
well known (can, in principle, be fit to π-photoproduction data...)
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 Two-pion exchange current density 5

Class 1:

Class 2:

Class 3:

Class 4:

Class 5:

Class 6:

Class 7:

FIG. 1: Diagrams showing contributions to the leading two-pion exchange currents. Solid and dashed lines refer to nucleons and
pions, respectively. Solid dots are the lowest-order vertices from the effective Lagrangian while the crosses represent insertions
of the electromagnetic vertices as explained in the text. Diagrams resulting from interchanging the nucleon lines are not shown.

operator as defined in Eq. (2.6). Further, the symbol ·· in Eq. (2.15) denotes a scalar product in the spin and isospin
spaces.

The formal operator structure of the leading two-pion exchange two-nucleon current at order O(eQ) is given in
appendix A. For the sake of convenience, we distinguish between seven classes of contributions according to the
power of the LEC gA (i.e. proportional to g0

A, g2
A and g4

A) and the type of the hadronic current Jµ
20, Jµ

21 or Jµ
02 as

shown in Fig. 1. Notice that there are no contributions proportional to g0
A and involving Jµ

20 and Jµ
21. We also

emphasize that the second diagram in the class 3 does not generate any contribution. It results from the term in the
Hamilton density which is absent in the Lagrangian and arises through the application of the canonical formalism.
Finally, it should be understood that the meaning of diagrams in the method of unitary transformation is different
from the one arising in the context of covariant and/or time-ordered perturbation theory. The diagrams shown in
Fig. 1 serve merely to visualize the topology corresponding to a given sequence of operators H and J appearing in
the formal expressions given in appendix A.

It is a fairly straightforward albeit tedious exercise to evaluate the contributions to the nuclear current corresponding
to the operators given in appendix A. Below, we give explicit results for the current and charge densities, Jµ = (ρ, "J),
resulting from the individual classes using the notation

〈"p1
′ "p2

′|Jµ|"p1 "p2〉 = δ("p1
′ + "p2

′ − "p1 − "p2 − "k)

[

c7
∑

X=c1

Jµ
X + (1 ↔ 2)

]

, (2.17)
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 Two-pion exchange charge density 5
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FIG. 1: Diagrams showing contributions to the leading two-pion exchange currents. Solid and dashed lines refer to nucleons and
pions, respectively. Solid dots are the lowest-order vertices from the effective Lagrangian while the crosses represent insertions
of the electromagnetic vertices as explained in the text. Diagrams resulting from interchanging the nucleon lines are not shown.

operator as defined in Eq. (2.6). Further, the symbol ·· in Eq. (2.15) denotes a scalar product in the spin and isospin
spaces.

The formal operator structure of the leading two-pion exchange two-nucleon current at order O(eQ) is given in
appendix A. For the sake of convenience, we distinguish between seven classes of contributions according to the
power of the LEC gA (i.e. proportional to g0

A, g2
A and g4

A) and the type of the hadronic current Jµ
20, Jµ

21 or Jµ
02 as

shown in Fig. 1. Notice that there are no contributions proportional to g0
A and involving Jµ

20 and Jµ
21. We also

emphasize that the second diagram in the class 3 does not generate any contribution. It results from the term in the
Hamilton density which is absent in the Lagrangian and arises through the application of the canonical formalism.
Finally, it should be understood that the meaning of diagrams in the method of unitary transformation is different
from the one arising in the context of covariant and/or time-ordered perturbation theory. The diagrams shown in
Fig. 1 serve merely to visualize the topology corresponding to a given sequence of operators H and J appearing in
the formal expressions given in appendix A.

It is a fairly straightforward albeit tedious exercise to evaluate the contributions to the nuclear current corresponding
to the operators given in appendix A. Below, we give explicit results for the current and charge densities, Jµ = (ρ, "J),
resulting from the individual classes using the notation

〈"p1
′ "p2

′|Jµ|"p1 "p2〉 = δ("p1
′ + "p2

′ − "p1 − "p2 − "k)

[

c7
∑

X=c1

Jµ
X + (1 ↔ 2)

]

, (2.17)

Kölling, EE, Krebs, Meißner ʼ09

ρ = 0 ,

ρ = e
g2A M7

π

256π2F 4
π

τ 31 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g2A M7

π

256π2F 4
π

τ 32 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g4A M7

π

256π2F 4
π

δ(�x20)
�
τ 31

�
2∇2

10 − 4
�
+ τ 32 �σ1 · �∇10 �σ2 · �∇10 − τ 32�σ1 · �σ2

�
e−2x10

x2
10

− e
g4A M7

π

128π2F 4
π

δ(�x20) τ
3
1

�
3∇2

10 − 11
� e−2x10

x10
,

ρ = − e
g4A M7

π

512π3F 4
π

�
(τ 31 + τ 32 )

�
�∇12 · �∇10

�∇12 · �∇20 + �∇12 ·
�
�∇10 × �σ1

�
�∇12 ·

�
�∇20 × �σ2

��

+ [�τ1 × �τ2]
3 �∇12 · �∇10

�∇12 ·
�
�∇20 × �σ2

�� e−x10

x10

e−x20

x20

e−x12

x12
.

1

ρ = 0 ,

ρ = e
g2A M7

π

256π2F 4
π

τ 31 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g2A M7

π

256π2F 4
π

τ 32 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g4A M7

π

256π2F 4
π

δ(�x20)
�
τ 31

�
2∇2

10 − 4
�
+ τ 32 �σ1 · �∇10 �σ2 · �∇10 − τ 32�σ1 · �σ2

�
e−2x10

x2
10

− e
g4A M7

π

128π2F 4
π

δ(�x20) τ
3
1

�
3∇2

10 − 11
� e−2x10

x10
,

ρ = − e
g4A M7

π

512π3F 4
π

�
(τ 31 + τ 32 )

�
�∇12 · �∇10

�∇12 · �∇20 + �∇12 ·
�
�∇10 × �σ1

�
�∇12 ·

�
�∇20 × �σ2

��

+ [�τ1 × �τ2]
3 �∇12 · �∇10

�∇12 ·
�
�∇20 × �σ2

�� e−x10

x10

e−x20

x20

e−x12

x12
.

1

ρ = 0 ,

ρ = e
g2A M7

π

256π2F 4
π

τ 31 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g2A M7

π

256π2F 4
π

τ 32 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g4A M7

π

256π2F 4
π

δ(�x20)
�
τ 31

�
2∇2

10 − 4
�
+ τ 32 �σ1 · �∇10 �σ2 · �∇10 − τ 32�σ1 · �σ2

�
e−2x10

x2
10

− e
g4A M7

π

128π2F 4
π

δ(�x20) τ
3
1

�
3∇2

10 − 11
� e−2x10

x10
,

ρ = − e
g4A M7

π

512π3F 4
π

�
(τ 31 + τ 32 )

�
�∇12 · �∇10

�∇12 · �∇20 + �∇12 ·
�
�∇10 × �σ1

�
�∇12 ·

�
�∇20 × �σ2

��

+ [�τ1 × �τ2]
3 �∇12 · �∇10

�∇12 ·
�
�∇20 × �σ2

�� e−x10

x10

e−x20

x20

e−x12

x12
.

1

ρ = 0 ,

ρ = e
g2A M7

π

256π2F 4
π

τ 31 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g2A M7

π

256π2F 4
π

τ 32 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g4A M7

π

256π2F 4
π

δ(�x20)
�
τ 31

�
2∇2

10 − 4
�
+ τ 32 �σ1 · �∇10 �σ2 · �∇10 − τ 32�σ1 · �σ2

�
e−2x10

x2
10

− e
g4A M7

π

128π2F 4
π

δ(�x20) τ
3
1

�
3∇2

10 − 11
� e−2x10

x10
,

ρ = − e
g4A M7

π

512π3F 4
π

�
(τ 31 + τ 32 )

�
�∇12 · �∇10

�∇12 · �∇20 + �∇12 ·
�
�∇10 × �σ1

�
�∇12 ·

�
�∇20 × �σ2

��

+ [�τ1 × �τ2]
3 �∇12 · �∇10

�∇12 ·
�
�∇20 × �σ2

�� e−x10

x10

e−x20

x20

e−x12

x12
.

1

ρ = 0 ,

ρ = e
g2A M7

π

256π2F 4
π

τ 31 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g2A M7

π

256π2F 4
π

τ 32 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g4A M7

π

256π2F 4
π

δ(�x20)
�
τ 31

�
2∇2

10 − 4
�
+ τ 32 �σ1 · �∇10 �σ2 · �∇10 − τ 32�σ1 · �σ2

�
e−2x10

x2
10

− e
g4A M7

π

128π2F 4
π

δ(�x20) τ
3
1

�
3∇2

10 − 11
� e−2x10

x10
,

ρ = − e
g4A M7

π

512π3F 4
π

�
(τ 31 + τ 32 )

�
�∇12 · �∇10

�∇12 · �∇20 + �∇12 ·
�
�∇10 × �σ1

�
�∇12 ·

�
�∇20 × �σ2

��

+ [�τ1 × �τ2]
3 �∇12 · �∇10

�∇12 ·
�
�∇20 × �σ2

�� e−x10

x10

e−x20

x20

e−x12

x12
.

1

ρ = 0 ,

ρ = e
g2A M7

π

256π2F 4
π

τ 31 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g2A M7

π

256π2F 4
π

τ 32 δ(�x20)
�
∇2

10 − 2
� e−2x10

x2
10

,

ρ = − e
g4A M7

π

256π2F 4
π

δ(�x20)
�
τ 31

�
2∇2

10 − 4
�
+ τ 32 �σ1 · �∇10 �σ2 · �∇10 − τ 32�σ1 · �σ2

�
e−2x10

x2
10

− e
g4A M7

π

128π2F 4
π

δ(�x20) τ
3
1

�
3∇2

10 − 11
� e−2x10

x10
,

ρ = − e
g4A M7

π

512π3F 4
π

�
(τ 31 + τ 32 )

�
�∇12 · �∇10

�∇12 · �∇20 + �∇12 ·
�
�∇10 × �σ1

�
�∇12 ·

�
�∇20 × �σ2

��

+ [�τ1 × �τ2]
3 �∇12 · �∇10

�∇12 ·
�
�∇20 × �σ2

�� e−x10

x10

e−x20

x20

e−x12

x12
.

1

✓ parameter-free
✓ nonvanishing 2-body density 
    even in the static limit (!)
✓ results agree with Pastore et al.
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 Short-range currents  
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FIG. 5: Contributions of the short-range currents. Solid dots are the lowest-order vertices from the effective Lagrangian while
the circle-crosses represent insertions of the electromagnetic vertices as explained in the text. For remaining notation see Fig. 1.

V. SHORT-RANGE CURRENTS

We now consider the short-range contributions. The formal structure of the currents involving the leading-order

four-nucleon contact interactions H(2)
40 can be decomposed into four classes 10 . . . 13 as visualized in Fig. 5. Including

the contributions induced by the UTs in Eq. (4.2), we obtain the following algebraic structure:
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FIG. 5: Contributions of the short-range currents. Solid dots are the lowest-order vertices from the effective Lagrangian while
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V. SHORT-RANGE CURRENTS

We now consider the short-range contributions. The formal structure of the currents involving the leading-order

four-nucleon contact interactions H(2)
40 can be decomposed into four classes 10 . . . 13 as visualized in Fig. 5. Including

the contributions induced by the UTs in Eq. (4.2), we obtain the following algebraic structure:
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V. SHORT-RANGE CURRENTS

We now consider the short-range contributions. The formal structure of the currents involving the leading-order

four-nucleon contact interactions H(2)
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We now consider the short-range contributions. The formal structure of the currents involving the leading-order
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We now consider the short-range contributions. The formal structure of the currents involving the leading-order

four-nucleon contact interactions H(2)
40 can be decomposed into four classes 10 . . . 13 as visualized in Fig. 5. Including
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FIG. 5: Contributions of the short-range currents. Solid dots are the lowest-order vertices from the effective Lagrangian while
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V. SHORT-RANGE CURRENTS
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V. SHORT-RANGE CURRENTS

We now consider the short-range contributions. The formal structure of the currents involving the leading-order

four-nucleon contact interactions H(2)
40 can be decomposed into four classes 10 . . . 13 as visualized in Fig. 5. Including

the contributions induced by the UTs in Eq. (4.2), we obtain the following algebraic structure:
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V. SHORT-RANGE CURRENTS

We now consider the short-range contributions. The formal structure of the currents involving the leading-order

four-nucleon contact interactions H(2)
40 can be decomposed into four classes 10 . . . 13 as visualized in Fig. 5. Including

the contributions induced by the UTs in Eq. (4.2), we obtain the following algebraic structure:
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V. SHORT-RANGE CURRENTS

We now consider the short-range contributions. The formal structure of the currents involving the leading-order

four-nucleon contact interactions H(2)
40 can be decomposed into four classes 10 . . . 13 as visualized in Fig. 5. Including

the contributions induced by the UTs in Eq. (4.2), we obtain the following algebraic structure:
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V. SHORT-RANGE CURRENTS

We now consider the short-range contributions. The formal structure of the currents involving the leading-order

four-nucleon contact interactions H(2)
40 can be decomposed into four classes 10 . . . 13 as visualized in Fig. 5. Including

the contributions induced by the UTs in Eq. (4.2), we obtain the following algebraic structure:
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Two new LECs L1,2 (Ciʻs are the same as in the potential)
Pion loop contributions differ from the ones by Pastore et al. 
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 Exchange currents
and the deuteron form factors

for more applications see talks by Sonia Bacca, Tae-Sun Park and Saori Pastore



 Em currents and the deuteron form factors 
Meißner, Walzl, Phillips, Kölling, EE, …
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Using exp. data for 1N FFs as input allows to probe nuclear structure effects Phillips ʼ03
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GC: parameter-free prediction; GC/GQ: 1 short-range term fitted to the quadrupole moment;
In both cases 1N FFs used as input…

(from Phillips, J. Phys. G 34 (2007) 365)
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Em currents and the deuteron form factors 
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 2π-exchange current
and 2H / 3He photodisintegration



 Deuteron photodisintegration
Rozpedzik, Golak, Kölling, EE, Skibinski, Witala, Nogga ʼ11

short-range & (subleading)1π-exchange terms still to be included

Sensitivity of the total cross section to the 2π-exchange current



Cross section and photon analyzing power at Eγ =30 MeV

Deuteron tensor analyzing powers

large sensitivity to MEC; short-range & 1π-exchange terms still to be included

 Deuteron photodisintegration
Rozpedzik, Golak, Kölling, EE, Skibinski, Witala, Nogga ʼ11
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FIG. 5: (color online) Spin observables for 3He two-body photodisintegration at photon laboratory energy Eγ = 12 MeV (left),
Eγ = 20.5 MeV (middle) and Eγ = 50 MeV (right). The upper rows show the analyzing powers for photon (Ax(γ)) and 3He
(Ay(

3He)). The lower rows show spin correlation coefficients: CXY and CY X . The bands and lines have the same meaning as
in Fig. 4.

and short-range contributions not considered in the present work. We further emphasize that the results based on
the AV18 potential and the corresponding MEC agree with the (present) chiral EFT calculation.
For the three-body breakup of 3He, we only show the semiexclusive differential cross section d3σ/dΩpdEp (where

only one proton would be detected at 15 degrees with respect to the photon beam) at three photon laboratory energies
Eγ= 12, 20.5 and 50 MeV. The calculated cross section is shown as a function of the proton energies in Fig. 6. For
the lower photon energy (left panel), the obtained bands appear to be relatively narrow, especially for higher proton

 

Spin correlation coefficients

3He 2-body photodisintegration
Rozpedzik, Golak, Kölling, EE, Skibinski, Witala, Krebs ʼ11
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FIG. 4: (color online) Differential cross section in the laboratory frame for 3He two-body photodisintegration at the photon
laboratory energies Eγ = 12 MeV (left), Eγ = 20.5 MeV (middle) and Eγ = 50 MeV (right). The band covers N2LO chiral
predictions for different cut-off parameter values. The light (blue) band covers results obtained with the single-nucleon current.
In the case of the hatched band, the current operator is taken as a sum of the single nucleons current and one-pion exchange
current. The dark (pink) band covers N2LO chiral predictions for different cut-off parameter values and the current operator
is taken as a sum of the single nucleons current, one-pion exchange current and two-pion exchange current. The solid line
represents predictions obtained with the AV18 nucleon-nucleon potential and the related exchange currents [11].
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V. RESULTS FOR PHOTODISINTEGRATION OF 3HE

We are now in the position to discuss our results for two- and three-body photodisintegration of 3He at three
example photon laboratory energies Eγ = 12, 20.5 and 50 MeV. The Coulomb force between two-protons in three-

nucleon scattering states is not taken into account. The three-nucleon matrix elements !N are obtained using the partial
wave decomposition, with the total angular momentum of the three-nucleon system J ≤ 15/2 and including all partial
waves with the subsystem total angular momentum j ≤ 3. The nuclear matrix elements !N are computed as using the
formalism described in section IV. Given !N , one can calculate cross sections and polarization observables which are
expressed in terms of the nuclear matrix elements with different spin projections carried by the initial photon, the
3He nucleus and the outgoing nucleons and/or deuteron. For more details we refer the reader to Refs. [5, 11]. In the
following we just present our sample results for the chiral EFT approach.
We begin with the exclusive unpolarized cross section for two-body breakup of 3He, d2σ/dΩd, where the final

deuteron would be observed. It is depicted in Fig. 4 as a function of the deuteron scattering angle θd defined with
respect to the initial photon direction at the photon laboratory energies Eγ = 12, 20.5 and 50 MeV. We observe
a similar behaviour as compared to the differential cross section in photodisintegration of the deuteron. The single
nucleon current contribution yields significantly lower values as compared to the ones which include MECs. The TPE
bands overlap with the OPE bands and appear to be broader than the OPE bands. As expected, the bands become
wider with increasing photon energy.
Next, the results for a few polarization observables are shown in Fig. 5. We consider the photon (Aγ

x(θd)) and the
3He (A

3He
y (θd)) analyzing powers as well as the spin correlation coefficients Cγ,3He

x,y (θd) and Cγ,3He
y,x (θd). In the case

of the photon analyzing power Ax(γ), the prediction bands for the single nucleon current give higher values than
the other, more complete calculations, but the shape of the bands are always similar. The TPE bands are broader
than OPE bands and overlap with them. For the 3He analyzing power Ay(3He) and the spin correlation coefficients
CXY and CY X , we observe that the results based on chiral EFT generate very broad prediction bands, especially at
the highest energy considered. Interestingly, the results based on the single-nucleon current for these observables are
completely different from the ones involving the MEC. This suggests that these observables are very sensitive to the
details of the meson exchange currents, and their proper description will require the inclusion of the subleading OPE

Cross section and photon analyzing power at Eγ =20 MeV
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FIG. 5: (color online) Spin observables for 3He two-body photodisintegration at photon laboratory energy Eγ = 12 MeV (left),
Eγ = 20.5 MeV (middle) and Eγ = 50 MeV (right). The upper rows show the analyzing powers for photon (Ax(γ)) and 3He
(Ay(

3He)). The lower rows show spin correlation coefficients: CXY and CY X . The bands and lines have the same meaning as
in Fig. 4.

and short-range contributions not considered in the present work. We further emphasize that the results based on
the AV18 potential and the corresponding MEC agree with the (present) chiral EFT calculation.
For the three-body breakup of 3He, we only show the semiexclusive differential cross section d3σ/dΩpdEp (where

only one proton would be detected at 15 degrees with respect to the photon beam) at three photon laboratory energies
Eγ= 12, 20.5 and 50 MeV. The calculated cross section is shown as a function of the proton energies in Fig. 6. For
the lower photon energy (left panel), the obtained bands appear to be relatively narrow, especially for higher proton
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FIG. 4: (color online) Differential cross section in the laboratory frame for 3He two-body photodisintegration at the photon
laboratory energies Eγ = 12 MeV (left), Eγ = 20.5 MeV (middle) and Eγ = 50 MeV (right). The band covers N2LO chiral
predictions for different cut-off parameter values. The light (blue) band covers results obtained with the single-nucleon current.
In the case of the hatched band, the current operator is taken as a sum of the single nucleons current and one-pion exchange
current. The dark (pink) band covers N2LO chiral predictions for different cut-off parameter values and the current operator
is taken as a sum of the single nucleons current, one-pion exchange current and two-pion exchange current. The solid line
represents predictions obtained with the AV18 nucleon-nucleon potential and the related exchange currents [11].
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We are now in the position to discuss our results for two- and three-body photodisintegration of 3He at three
example photon laboratory energies Eγ = 12, 20.5 and 50 MeV. The Coulomb force between two-protons in three-

nucleon scattering states is not taken into account. The three-nucleon matrix elements !N are obtained using the partial
wave decomposition, with the total angular momentum of the three-nucleon system J ≤ 15/2 and including all partial
waves with the subsystem total angular momentum j ≤ 3. The nuclear matrix elements !N are computed as using the
formalism described in section IV. Given !N , one can calculate cross sections and polarization observables which are
expressed in terms of the nuclear matrix elements with different spin projections carried by the initial photon, the
3He nucleus and the outgoing nucleons and/or deuteron. For more details we refer the reader to Refs. [5, 11]. In the
following we just present our sample results for the chiral EFT approach.
We begin with the exclusive unpolarized cross section for two-body breakup of 3He, d2σ/dΩd, where the final

deuteron would be observed. It is depicted in Fig. 4 as a function of the deuteron scattering angle θd defined with
respect to the initial photon direction at the photon laboratory energies Eγ = 12, 20.5 and 50 MeV. We observe
a similar behaviour as compared to the differential cross section in photodisintegration of the deuteron. The single
nucleon current contribution yields significantly lower values as compared to the ones which include MECs. The TPE
bands overlap with the OPE bands and appear to be broader than the OPE bands. As expected, the bands become
wider with increasing photon energy.
Next, the results for a few polarization observables are shown in Fig. 5. We consider the photon (Aγ

x(θd)) and the
3He (A

3He
y (θd)) analyzing powers as well as the spin correlation coefficients Cγ,3He

x,y (θd) and Cγ,3He
y,x (θd). In the case

of the photon analyzing power Ax(γ), the prediction bands for the single nucleon current give higher values than
the other, more complete calculations, but the shape of the bands are always similar. The TPE bands are broader
than OPE bands and overlap with them. For the 3He analyzing power Ay(3He) and the spin correlation coefficients
CXY and CY X , we observe that the results based on chiral EFT generate very broad prediction bands, especially at
the highest energy considered. Interestingly, the results based on the single-nucleon current for these observables are
completely different from the ones involving the MEC. This suggests that these observables are very sensitive to the
details of the meson exchange currents, and their proper description will require the inclusion of the subleading OPE
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 Coherent pion photoproduction 
off 3He

Lenkewitz, EE, Hammer, Meißner ʼ11,ʼ12
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Pion production off light nuclei and the neutron amplitude.
Pion electroproduction amplitude off a 
spin-1/2 particle at threshold: 

ChPT predictions at q4 (in units of                 ):
Bernard, Kaiser, Meißner ʼ96,ʼ01
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B.6: Neutron properties from light nuclei
E. Epelbaum, H.-W. Hammer

Objectives
Extraction of neutron properties from low-energy few-nucleon reactions
using the framework of chiral effective field theory
Main focus on near-threshold pion photo- and electroproduction off light
nuclei such as 3H, 3He, 4He
Weak few-body reactions

Prerequisite
Accurate description of light
nuclei as obtained in chiral ef-
fective field theory both in the
continuum and on the lattice

Ground state energies on the lattice

4He 8Be 12C

N2LO [MeV] 28.3(6) 55(2) 92(3)

Exp [MeV] 28.30 56.50 92.16

Epelbaum, Krebs, Lähde, Lee, Meißner, arXiv:2012.1328 [nucl-th]

Neutral pion photoproduction off light nuclei: Motivation and status
Transition matrix for neutral pion photoproduction off a spin-1/2 particle at threshold: Mλ = 2i E0+ (��λ,T · �S) + 2i L0+ (��λ,L · �S)
ChPT at order q4 yields markedly different predictions for the proton and neutron multipoles Bernard, Kaiser, Meißner, Eur. Phys. J A11 (2001) 209

Eπ0p
0+

= −1.16 × 10
−3/Mπ+ , Eπ0n

0+
= +2.13 × 10

−3/Mπ+ , Lπ0p
0+

= −1.35 × 10
−3/Mπ+ , Lπ0n

0+
= −2.41 × 10

−3/Mπ+ .

The ChPT prediction for the neutron amplitude can only be tested in reactions involving (light) nuclei; pion photo- and electroproduction off 2H are already
explored both theoretically (Beane et al. ’97, Bernard et al. ’99-’04, Lensky et al. ’07) and experimentally (Saclay, Saskatoon)
First chiral EFT analysis of threshold neutral pion photoproduction off the tri-nucleon system is completed during the second funding period
Lenkewitz, Epelbaum, Hammer, Meißner, Phys. Lett B700 (2011) 365; arXiv:1209.2661 [nucl-th]

Anatomy of the calculation

Chiral expansion of the production operator (at threshold)

1N amplitude depends on Eπ0

0+
, Lπ0

0+
known at subleading one-loop order

(q4) in ChPT
1N boost corrections from (N,γ)-cms to (3N,γ)-cms induce dependence
on P-wave multipoles (low-energy theorems)
2N contributions start at order q3 (parameter-free):

leading order (q3) next-to-leading order (q4)

3N contributions start at order q5 – beyond the accuracy of our work (q4)

3H/3He wave functions

Chiral 3N wave functions at N2LO; theoretical uncertainty estimated by
cutoff variation

Numerical performance

Matrix elements computed by Monte Carlo integration (VEGAS algorithm)

Results
Fourth-order 2N corrections to Eπ0

3N

0+
, Lπ0

3N

0+
are found to be very small

Theoretical uncertainty associated with wave functions is small (< 3%)
Eπ0

3He

0+
is sensitive to Eπ0n

0+
; given the small uncertainty of the nuclear

corrections, a measurement of the threshold S-wave cross section a0,

a0 =
|�k |
|�q |

dσ

dΩ

�����
�q=0

= |E0+|2 ,

would allow for a precise extraction of the neutron multipole Eπ0n
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Our prediction Eπ0
3He

0+
= −2.48(11) × 10

−3/Mπ+ is to be compared to
the (model-dependent) extraction Eπ0

3He

0+
= (−2.8 ± 0.2) × 10

−3/Mπ+

from the Saclay measurement Argan et al.’80,’88
A new measurement is urgently called for!

Individual contributions to the
three-nucleon multipoles
The first error is an estimation of the theo-
retical uncertainty resulting from the trunca-
tion of the chiral expansion while the second
one for 1N (2N) reflects the estimated 5%

uncertainty in 1N multipoles (the statistical
error from the Monte Carlo integration).

3He 1N (q4) 2N (q3) 1N-boost 2N-static (q4) 2N-recoil (q4) total

E0+ [10−3/Mπ+] +1.71(4)(9) −3.95(3) −0.23(1) −0.02(0)(1) +0.01(2)(1) −2.48(11)

L0+ [10−3/Mπ+] −1.89(4)(9) −3.09(2) −0.00(0) −0.07(1)(1) +0.07(7)(0) −4.98(12)

3H 1N (q4) 2N (q3) 1N-boost 2N-static (q4) 2N-recoil (q4) total

E0+ [10−3/Mπ+] −0.93(3)(5) −4.01(3) −0.35(1) −0.02(1)(1) +0.01(2)(0) −5.28(7)

L0+ [10−3/Mπ+] −0.99(4)(5) −3.13(1) −0.02(0) −0.07(0)(1) +0.07(7)(0) −4.14(10)

Projected work program for the third period
Detailed investigation of the role of the ∆(1232) isobar and nucleon recoil corrections
Extensions to pion production above threshold (relevant for the measurement planned at MAMI), pion electroproduction and heavier nuclei
Axial current and weak few-body processes including triton β-decay, muon capture on 2H and 3He (relevant for the ongoing MuSun experiment at PSI)

Institut für Theoretische Physik II, Ruhr-Universität Bochum
Helmholtz-Institut für Strahlen- und Kernphysik, Universität Bonn

Pion photo- and electroproduction off 2H explored theoretically and experimentally 
Theory: Beane, Bernard, Lee, Meißner, van Kolck ʼ97, Krebs, Bernard, Meißner ʼ04;   Experiment: Saclay, Saskatoon

3He as an effective neutron target: order-q4 calculation Lenkewitz, EE, Hammer, Meißner ʼ11, ʼ12

No 3N currents at order q4

2N currents purely long-range 
and parameter free

Use Monte-Carlo integration to compute convolution integrals with the chiral 3He WF



 Neutral pion photoproduction off 3He

Our prediction                                     versus
(model-dependent) extraction from the Saclay 
measurement 
Argan et al. ʼ80, ʻ88

a large sensitivity of the S-wave threshold 
photoproduction cross section
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B.6: Neutron properties from light nuclei
E. Epelbaum, H.-W. Hammer

Objectives
Extraction of neutron properties from low-energy few-nucleon reactions
using the framework of chiral effective field theory
Main focus on near-threshold pion photo- and electroproduction off light
nuclei such as 3H, 3He, 4He
Weak few-body reactions

Prerequisite
Accurate description of light
nuclei as obtained in chiral ef-
fective field theory both in the
continuum and on the lattice

Ground state energies on the lattice

4He 8Be 12C

N2LO [MeV] 28.3(6) 55(2) 92(3)

Exp [MeV] 28.30 56.50 92.16

Epelbaum, Krebs, Lähde, Lee, Meißner, arXiv:2012.1328 [nucl-th]

Neutral pion photoproduction off light nuclei: Motivation and status
Transition matrix for neutral pion photoproduction off a spin-1/2 particle at threshold: Mλ = 2i E0+ (��λ,T · �S) + 2i L0+ (��λ,L · �S)
ChPT at order q4 yields markedly different predictions for the proton and neutron multipoles Bernard, Kaiser, Meißner, Eur. Phys. J A11 (2001) 209

Eπ0p
0+

= −1.16 × 10
−3/Mπ+ , Eπ0n

0+
= +2.13 × 10

−3/Mπ+ , Lπ0p
0+

= −1.35 × 10
−3/Mπ+ , Lπ0n

0+
= −2.41 × 10

−3/Mπ+ .

The ChPT prediction for the neutron amplitude can only be tested in reactions involving (light) nuclei; pion photo- and electroproduction off 2H are already
explored both theoretically (Beane et al. ’97, Bernard et al. ’99-’04, Lensky et al. ’07) and experimentally (Saclay, Saskatoon)
First chiral EFT analysis of threshold neutral pion photoproduction off the tri-nucleon system is completed during the second funding period
Lenkewitz, Epelbaum, Hammer, Meißner, Phys. Lett B700 (2011) 365; arXiv:1209.2661 [nucl-th]

Anatomy of the calculation

Chiral expansion of the production operator (at threshold)

1N amplitude depends on Eπ0

0+
, Lπ0

0+
known at subleading one-loop order

(q4) in ChPT
1N boost corrections from (N,γ)-cms to (3N,γ)-cms induce dependence
on P-wave multipoles (low-energy theorems)
2N contributions start at order q3 (parameter-free):

leading order (q3) next-to-leading order (q4)

3N contributions start at order q5 – beyond the accuracy of our work (q4)

3H/3He wave functions

Chiral 3N wave functions at N2LO; theoretical uncertainty estimated by
cutoff variation

Numerical performance

Matrix elements computed by Monte Carlo integration (VEGAS algorithm)

Results
Fourth-order 2N corrections to Eπ0

3N

0+
, Lπ0

3N

0+
are found to be very small

Theoretical uncertainty associated with wave functions is small (< 3%)
Eπ0

3He

0+
is sensitive to Eπ0n

0+
; given the small uncertainty of the nuclear

corrections, a measurement of the threshold S-wave cross section a0,

a0 =
|�k |
|�q |

dσ
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�q=0

= |E0+|2 ,

would allow for a precise extraction of the neutron multipole Eπ0n
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Our prediction Eπ0
3He

0+
= −2.48(11) × 10

−3/Mπ+ is to be compared to
the (model-dependent) extraction Eπ0

3He

0+
= (−2.8 ± 0.2) × 10

−3/Mπ+

from the Saclay measurement Argan et al.’80,’88
A new measurement is urgently called for!

Individual contributions to the
three-nucleon multipoles
The first error is an estimation of the theo-
retical uncertainty resulting from the trunca-
tion of the chiral expansion while the second
one for 1N (2N) reflects the estimated 5%

uncertainty in 1N multipoles (the statistical
error from the Monte Carlo integration).

3He 1N (q4) 2N (q3) 1N-boost 2N-static (q4) 2N-recoil (q4) total

E0+ [10−3/Mπ+] +1.71(4)(9) −3.95(3) −0.23(1) −0.02(0)(1) +0.01(2)(1) −2.48(11)

L0+ [10−3/Mπ+] −1.89(4)(9) −3.09(2) −0.00(0) −0.07(1)(1) +0.07(7)(0) −4.98(12)

3H 1N (q4) 2N (q3) 1N-boost 2N-static (q4) 2N-recoil (q4) total

E0+ [10−3/Mπ+] −0.93(3)(5) −4.01(3) −0.35(1) −0.02(1)(1) +0.01(2)(0) −5.28(7)

L0+ [10−3/Mπ+] −0.99(4)(5) −3.13(1) −0.02(0) −0.07(0)(1) +0.07(7)(0) −4.14(10)

Projected work program for the third period
Detailed investigation of the role of the ∆(1232) isobar and nucleon recoil corrections
Extensions to pion production above threshold (relevant for the measurement planned at MAMI), pion electroproduction and heavier nuclei
Axial current and weak few-body processes including triton β-decay, muon capture on 2H and 3He (relevant for the ongoing MuSun experiment at PSI)

Institut für Theoretische Physik II, Ruhr-Universität Bochum
Helmholtz-Institut für Strahlen- und Kernphysik, Universität Bonn

small q4 2N terms, reliable nuclear corrections -
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Main focus on near-threshold pion photo- and electroproduction off light
nuclei such as 3H, 3He, 4He
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Accurate description of light
nuclei as obtained in chiral ef-
fective field theory both in the
continuum and on the lattice

Ground state energies on the lattice

4He 8Be 12C

N2LO [MeV] 28.3(6) 55(2) 92(3)

Exp [MeV] 28.30 56.50 92.16

Epelbaum, Krebs, Lähde, Lee, Meißner, arXiv:2012.1328 [nucl-th]

Neutral pion photoproduction off light nuclei: Motivation and status
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The ChPT prediction for the neutron amplitude can only be tested in reactions involving (light) nuclei; pion photo- and electroproduction off 2H are already
explored both theoretically (Beane et al. ’97, Bernard et al. ’99-’04, Lensky et al. ’07) and experimentally (Saclay, Saskatoon)
First chiral EFT analysis of threshold neutral pion photoproduction off the tri-nucleon system is completed during the second funding period
Lenkewitz, Epelbaum, Hammer, Meißner, Phys. Lett B700 (2011) 365; arXiv:1209.2661 [nucl-th]
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Chiral expansion of the production operator (at threshold)

1N amplitude depends on Eπ0
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, Lπ0

0+
known at subleading one-loop order

(q4) in ChPT
1N boost corrections from (N,γ)-cms to (3N,γ)-cms induce dependence
on P-wave multipoles (low-energy theorems)
2N contributions start at order q3 (parameter-free):

leading order (q3) next-to-leading order (q4)

3N contributions start at order q5 – beyond the accuracy of our work (q4)

3H/3He wave functions

Chiral 3N wave functions at N2LO; theoretical uncertainty estimated by
cutoff variation

Numerical performance

Matrix elements computed by Monte Carlo integration (VEGAS algorithm)

Results
Fourth-order 2N corrections to Eπ0
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are found to be very small

Theoretical uncertainty associated with wave functions is small (< 3%)
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; given the small uncertainty of the nuclear

corrections, a measurement of the threshold S-wave cross section a0,
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= −2.48(11) × 10

−3/Mπ+ is to be compared to
the (model-dependent) extraction Eπ0

3He
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= (−2.8 ± 0.2) × 10
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from the Saclay measurement Argan et al.’80,’88
A new measurement is urgently called for!

Individual contributions to the
three-nucleon multipoles
The first error is an estimation of the theo-
retical uncertainty resulting from the trunca-
tion of the chiral expansion while the second
one for 1N (2N) reflects the estimated 5%

uncertainty in 1N multipoles (the statistical
error from the Monte Carlo integration).

3He 1N (q4) 2N (q3) 1N-boost 2N-static (q4) 2N-recoil (q4) total

E0+ [10−3/Mπ+] +1.71(4)(9) −3.95(3) −0.23(1) −0.02(0)(1) +0.01(2)(1) −2.48(11)

L0+ [10−3/Mπ+] −1.89(4)(9) −3.09(2) −0.00(0) −0.07(1)(1) +0.07(7)(0) −4.98(12)

3H 1N (q4) 2N (q3) 1N-boost 2N-static (q4) 2N-recoil (q4) total

E0+ [10−3/Mπ+] −0.93(3)(5) −4.01(3) −0.35(1) −0.02(1)(1) +0.01(2)(0) −5.28(7)

L0+ [10−3/Mπ+] −0.99(4)(5) −3.13(1) −0.02(0) −0.07(0)(1) +0.07(7)(0) −4.14(10)

Projected work program for the third period
Detailed investigation of the role of the ∆(1232) isobar and nucleon recoil corrections
Extensions to pion production above threshold (relevant for the measurement planned at MAMI), pion electroproduction and heavier nuclei
Axial current and weak few-body processes including triton β-decay, muon capture on 2H and 3He (relevant for the ongoing MuSun experiment at PSI)
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Individual contributions to the three-nucleon multipoles



 Summary and outlook
E.m. exchange current & charge density

worked out at leading loop order (ready-to-use expressions available)
1π-exchange terms depend on a few LECs (some of which are poorly known), 
2π-exchange terms parameter-free, short-range currents depend on L1,2

Elastic form factors of the deuteron

Converged? To be done: subleading 1-loop contributions and/or chiral EFT with Δ

good agreement with the data (provided 1N FFs are used as input) 
the extracted value of d9 consistent with other determinations

To be done: extension to the 3N and 4N systems (to probe isovector currents)

Neutral pion photoproduction off 3He
large sensitivity to the neutron multipole, nuclear corrections well under control
prediction for 3He, experiments called for!  

To be done: extensions beyond threshold, check of convergence, heavier nuclei, ... 

2H/3He photodisintegration
the best place to test the currents, seems to be sensitive to individual terms 

To be done: complete analysis including 1π and short-range contributions


