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Exchange currents from chiral EFT

Some applications

Reactions involving pions

         Pion-deuteron scattering

         Pion production in NN collisions

         Pion production & CSB

Summary & outlook



 From QCD to nuclear physics

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

Weinberg ’91Simplification: nonrelativistic problem (                        ) |�pi | ∼ Mπ � mN
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the QM A-body problem
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derived within 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)

talk by Hermann Krebs

can be solved on a lattice
             talk by Ulf-G. Meißner



 
Electromagnetic currents
(one-photon exchange approximation)

can be systematically derived
in chiral EFT

For Compton scattering, see: Grießhammer, McGovern, Phillips, Feldman, arXiv:1203.6834 [nucl-th]



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

Order

Pastore, Schiavilla, Girlanda, Viviani;   Kölling, Krebs, EE, Meißner 
General kinematics

Threshold kinematics
Park, Min, Rho ’95;  Park, Kubodera, Min, Rho;  Song, Lazauskas, Park, Min, ...

Application to               at threshold:

to be compared with

 Electromagnetic exchange currents 

ω ∼ |�q | ∼ M2
π/m

1

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:



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

Canonical transformation & quantization:

Nuclear forces via UT (Fock space):

Only           is needed below the pion production threshold

We employ all additional UTs possible at a given order in the expansion

H → H̃ = U
†

1

U =

1

H̃nucl

1

H̃rest

1

0

1

0

1

Renormalizability             unambigous results for 4NF & (static) 3NF upto N3LO

H̃nucl

1

EE ’06,’07;  Bernard, EE, Krebs, Meißner ’08 

„Minimal“ UT computed perturbatively H =
�∞

κ=1(1/Λ)
κ
H

(κ)
, κi = di +

3
2ni + pi − 4 .
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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)
]

. (4.21)

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.

D. Relativistic corrections

Last but not least, we now discuss the leading relativistic corrections. These emerge from the operators in Eq. (4.14)

with the vertices H(3)
21 , J (1)

20 and J (2)
21 being replaced by the corresponding relativistic corrections H̃(3)

21 , J̃ (1)
20 and J̃ (2)

21 ,
respectively, whose explicit form is given in appendix A. In addition, there are contributions emerging from insertions

of the kinetic energy of the nucleon H̃(2)
20 which have the form

J1/mN
= η

[

H(1)
21

λ1

Eπ
H̃(2)

20

λ1

Eπ
J (0)
21 − H̃(2)

20 ηH(1)
21

λ1

E2
π

J (0)
21 + β̄7

(

H(1)
21

λ1

E3
π

J (0)
21 ηH̃(2)

20 − H̃(2)
20 ηH(1)

21

λ1

E3
π

J (0)
21

)

,

+ H(1)
21

λ1

Eπ
J (−1)
02

λ1

E2
π

H(1)
21 ηH̃(2)

20 −H(1)
21

λ1

Eπ
H(1)

21

λ2

Eπ
H̃(2)

20

λ2

Eπ
J (−1)
02 −H(1)

21

λ1

Eπ
H̃(2)

20

λ1

Eπ
H(1)

21

λ2

Eπ
J (−1)
02

− H(1)
21

λ1

Eπ
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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 
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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)

Kölling, EE, Krebs, Meißner ’09

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 results
✓ nonvanishing 2-body density 
    even in the static limit (!)
✓ results agree with Pastore et al.



 Short-range currents  
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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
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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
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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
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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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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 (Ci‘s are the same as in the potential)
Pion loop contributions differ from the ones by Pastore et al. 



 Em currents & the deuteron elastic FFs
Meißner, Walzl, Phillips, …

Most of the exchange current/charge operators are isovectors. The only relevant isoscalar 
pieces are: 

�J1π = 2ie
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The constants        parametrize the unitary ambiguity & have to be chosen consistently 
with the potential

The LECs             contribute to the magnetic FF       d̄9, L2

1

β̄8,9

1

FFs of the deuteron: 

GM = − 1√
2η|e|�1|J

+|0�, GQ =
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, GC =
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�

1

Using exp. data for 1N FFs as input allows to probe nuclear structure effects Phillips ’03

Friar ’80,  Adam, Goller, Arenhövel ’93, EE, Glöckle, Meißner ’04



 Em currents & the deuteron elastic FFs

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)

Phillips ’07



 Em currents & the deuteron elastic FFs
Kölling, EE, Phillips, in preparation
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1N form factors from Belushkin, Hammer, Meißner ’07  

           fitted to the deuteron magnetic moment and FF for q < 400 MeV:  
           (NNLO WF)

Deuteron magnetic form factor IA and exchange current contributions

d̄9 = −0.01 . . . 0.01 GeV−4, L2 = 0.28 . . . 0.48 GeV−4

1

Pion photoproduction:                                Gasparyan, Lutz ’10

d̄9, L2

1

d̄9 = −0.06 GeV−2

1

d̄9 = −0.01 . . . 0.01 GeV−2

1

IA

d̄9, L2

1

d̄9, L2

1



 Em currents & rad. neutron capture 

LECs „determined“ assuming Δ-dominance + magnetic moments of 2H, 3H, 3He +  
predictions for nd, n3He radiative capture reactions for thermal neutrons (MEC dominated)

Girlanda, Kievsky, Marcucci, Pastori , Schiavilla, Viviani, PRL 105 (10) 232502

related recent work: Lazauskas, Song, Park ‘09



 Deuteron photodisintegration
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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.
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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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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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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
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y (θd)) analyzing powers as well as the spin correlation coefficients Cγ,3He
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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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 Pion-deuteron scattering

Figure 6: Combined constraints in the ã+–a− plane from data on the width and energy shift of πH, as well as the πD
energy shift. Figure from [1].

corrections, cf. diagrams (d9) and (d10), although formally they contribute only at O(e2p2) in the
power counting. The explicit computation of these diagrams showed that the magnitude of these
corrections is far beyond the accuracy we seek.

The three pieces astr, adisp+∆, and aEM, when added together, constitute the three-body con-
tribution to the π−d scattering length. In fact, to a large extent, the novel three-body effects
computed in this study accidentally cancel

∆a(2) + astaticNLO + a
cut
+ aEM = (0.1 ± 0.7) · 10−3M−1π . (7.4)

This cancellation is, in itself, somewhat remarkable, since, e.g. astaticNLO is ∼ 35 times larger than
the final central value. The effect of the cancellation is that the main impact of our analysis on
the extraction of pion–nucleon scattering lengths is our consideration of NLO isospin-breaking
corrections—in particular the large shift ∆ã+ = (−3.3±0.3)·10−3M−1π —in the πN amplitude [71].

8. Pion–nucleon scattering lengths

Combining the dependence of the π−d scattering length on ã+ and a− and the results for πH
discussed above, we find the constraints depicted in Fig. 6. The combined 1σ error ellipse yields

ã+ = (1.9 ± 0.8) · 10−3M−1π , a− = (86.1 ± 0.9) · 10−3M−1π , (8.1)

with a correlation coefficient ρa− ã+ = −0.21. We find that the inclusion of the πD energy shift
reduces the uncertainty of ã+ by more than a factor of 2 and the correlation between ã+ and a−
by more than a factor of 3. Note that in the case of the πH level shift the width of the band is

29

Pion-nucleon amplitude at threshold (in the isospin limit):

Weinberg ’92; Beane et al.’98,’03; Liebig et al.’11;  Meißner et al. ’06;  Baru et al. ’04-’11;... 

Recent data on hadronic atoms: 

which were essential to confirm the role of the quark condensate as the leading order parameter
in the spontaneous breaking of chiral symmetry [6].

In the case of pion–nucleon scattering, chiral symmetry predicts that the isoscalar scattering
length a+ is suppressed compared to its isovector counterpart a−. In particular, the low-energy
theorem for a− [4, 7]

a− =
Mπ

8π(1 + Mπ/mp)F2π
+ O(M3

π) ≈ 80 · 10−3M−1π (1.2)

receives corrections only at third order in the pion mass and its prediction is numerically very
close to the full result. Meanwhile, the expansion of the isoscalar scattering length [7]

a+ = 0 +
M2
π

4π(1 + Mπ/mp)F2π

{

−
g2A
4mp
+ 2(c2 + c3 − 2c1)

}

+ O(M3
π) ≈ 0, (1.3)

with the pion decay constant Fπ, the axial charge of the nucleon gA, and low-energy constants
(LECs) ci, stands in marked contrast: the leading order vanishes—leaving a+ as a measure of
the explicit breaking of chiral symmetry—and at sub-leading orders poorly determined LECs
and huge cancellations between individual terms limit the predictive power of the expansion.
Experimentally, lack of π0 beams and neutron targets makes direct pion–nucleon scattering ex-
periments impossible in some charge channels, complicating a measurement of a+. In the isospin
limit the π0p scattering length is purely isoscalar, and corrections to the isospin limit are well-
controlled for this quantity. The best hope for access to a+ in the πN sector therefore lies in
precision measurements of threshold neutral-pion photoproduction [8, 9]. But, until the advent
of such measurements, extractions of a+ from πN scattering data suffer from large uncertain-
ties. Different phase-shift analyses yield values covering a wide range from −10 · 10−3M−1π to
+5 · 10−3M−1π [10]. Indeed, the combination of data and theory has, until now, lacked sufficient
accuracy to even establish definitively that a+ ! 0.

A precise determination of πN scattering lengths improves our knowledge in many areas;
two particularly important examples of this are the following. First, a+ is one of several inputs
to dispersive analyses of the pion–nucleon σ-term [11], which measures the explicit chiral sym-
metry breaking in the nucleon mass due to up and down quark masses, and is, in turn, connected
to the strangeness content of the nucleon. Second, a− serves as a vital input to a determina-
tion of the pion–nucleon coupling constant via the Goldberger–Miyazawa–Oehme (GMO) sum
rule [12]. While the uncertainty in a− is much smaller than that in a+, it still contributes signif-
icantly to the overall error bar on the sum-rule evaluation [13, 14]. This latter example is thus
one of several where data on pion–nucleon scattering affects more complicated systems like the
nucleon–nucleon (NN) interaction, and hence has an impact on nuclear physics.

In view of the difficulties concerning both direct experimental access and the convergence of
its chiral expansion (1.3), data on hadronic atoms have become the primary source of information
on a+ [15]. In these systems, the strong interaction modifies the spectrum compared to pure QED
by shifting the energy levels and introducing a finite width to the states. Both effects are sensitive
to threshold pion–nucleon scattering. In this way, new information on pion–nucleon scattering
lengths has become available due to recent high-accuracymeasurements of pionic hydrogen (πH)
and pionic deuterium (πD). In the case of πH, the latest experimental results [16] are

ε1s = (−7.120± 0.012) eV, Γ1s = (0.823 ± 0.019) eV, (1.4)

for the (attractive) shift of the 1s level of πH due to strong interactions and its width. The shift
of the ground state is related to the π−p scattering length aπ−p, while the width gives access to

2

πH: possible, and a combined analysis of the data (1.4) on πH and the recently remeasured level shift
in πD [22]

εD1s = (2.356 ± 0.031) eV (1.12)

then yields the determination of a+ and a− of unprecedented accuracy in [1]. (The width of πD
is governed by π−d → nn (BR = 73.9%) and π−d → nnγ (BR = 26.1%) [23], such that no
additional information on threshold πN physics is provided.) The main purpose of this paper is
to provide the details of the calculation of the three-body part of aπ−d, which we decompose as

a(3)
π−d = a

str
+ adisp+∆ + aEM, (1.13)

where adisp+∆ involves two-nucleon or ∆-isobar intermediate states, aEM represents virtual-photon
corrections, and astr denotes “strong” diagrams, i.e. essentially all other contributions in the chiral
expansion (the definition of each class of diagrams can be found in Sects. 4–6).

The paper is organized as follows: we first briefly review isospin-violating corrections to the
πN scattering lengths in Sect. 2. Then, we summarize the hierarchy of diagrams contributing to
a(3)
π−d in both the isospin-conserving and the isospin-violating sector in Sect. 3, before discussing
strong, virtual-photon, and dispersive +∆ contributions in detail in Sects. 4, 5, and 6. A reader
not interested in the details of the calculation may skip Sects. 4–6 and proceed to Sect. 7, where
we summarize our main conclusions concerning three-body contributions to the π−d scattering
length. The consequences for the πN scattering lengths and the πNN coupling constant are
presented in Sects. 8 and 9. We conclude in Sect. 10. Various details of the calculation are
provided in the appendices.

2. Isospin violation in the πN scattering lengths

Before turning to the calculation of a(3)
π−d, we review isospin-violating corrections to the πN

scattering lengths, which provide an essential input to the present analysis. The scattering lengths
in the isospin limit for all eight channels can be written in terms of a+ and a− as

aπ−p ≡ aπ−p→π− p = aπ+n ≡ aπ+n→π+n = a+ + a−,
aπ+p ≡ aπ+p→π+ p = aπ−n ≡ aπ−n→π−n = a+ − a−,

acexπ−p ≡ aπ−p→π0n = a
cex
π+n ≡ aπ+n→π0 p = −

√
2 a−,

aπ0p ≡ aπ0p→π0 p = aπ0n ≡ aπ0n→π0n = a+. (2.1)

To extract a+ and a− from hadronic-atom data, we need to relate the scattering lengths in partic-
ular charge channels to those in the isospin limit, i.e. we need the corrections

∆aπ−p = aπ−p − (a+ + a−), ∆aπ−n = aπ−n − (a+ − a−), ∆acexπ−p = a
cex
π−p +

√
2 a−. (2.2)

These corrections are generated by the quark mass difference md − mu and electromagnetic in-
teractions. They can be calculated systematically in ChPT, and have been worked out at next-to-
leading order (NLO) in the chiral expansion in [24–26].

In those works, and throughout this study, the counting md − mu ∼ e2 is used, i.e. electro-
magnetic and quark-mass effects are assumed to contribute at the same order. This counting is
phenomenologically rather successful. The prime example is the nucleon mass difference, to
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CSB hadronic reactions?

cross section measurement at IUCF @  228.5 / 231.8 MeV 
Stephenson et al. ’03

Theoretical analysis challenging; first estimations yield the right order of 
magnitude.
Gardestig et al. ’04;  Nogga et al.’06



 Isospin breaking & few-N systems

The challenge: can one extract the strong nucleon mass shift from 
CSB hadronic reactions?

forward-backward asymetry in                      @ 279.5 MeV (TRIUMF)
Opper et al. ’03

cross section measurement at IUCF @  228.5 / 231.8 MeV 
Stephenson et al. ’03

Theoretical analysis challenging; first estimations yield the right order of 
magnitude.
Gardestig et al. ’04;  Nogga et al.’06



 np → dπ0 & the np mass difference
Bolton, Miller ‘09;  Filin, Baru, E.E., Haidenbauer, Hanhart, Kudryavtsev, Meißner ‘09

gives rise to Afb, nonzero only for  pn → dπ0 due to interference of IB and IC amplitudes

A0 can be determined from the pionic deuterium lifetime measurement @ PSI: 

A1 at LO: 

IC amplitudes  calculated  at NLO Baru et al.’09

Our result:

Lattice: Beane et al.’07

Cottingham SR: Gasser, Leutwyler ‘82



 Summary & outlook
Electromagnetic currents

worked out at leading loop order (ready-to-use expressions available)
can be tested e.g. in 2H/3He photodisintegration
To be done: determination of LECs, already converged? (higher-orders/Δ), 
                    complete calculations including short-range terms, ...

Reactions involving pions

precision calculation of pion-deuteron scattering 
pioneering studies of pion production in NN collisions 
great success of a theory: strong nucleon mass shift from Afb

To be done: pion reactions with heavier nuclei, higher orders in pion 
                    production and extension of nuclear chiral EFT beyond the 
                    pion production threshold, ...        

Also good progress on topics not covered (Compton scatt., axial currents, ...)


