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Chiral perturbation theory for nuclear forces

ChiPT predictions for deuteron electromagnetic 
form factors

Precision predictions for GC/GQ

Compton scattering on deuterium and nucleon 
polarizability extractions

Conclusion



Chiral perturbation theory
Chiral perturbaton theory is the most general L(N,π) 
consistent with the SU(2)L x SU(2)R of QCD and the 
pattern of its breaking. L(N,π) is an expansion in  

Unknown coefficients at a given order in P need to be 
determined from lattice or experimental data

ChiPT is the low-energy effective theory of QCD. It is 
model independent and systematically improvable.

Many successful applications in A=0 and A=1

P ≡

p, mπ

mρ, 4πfπ, M

Weinberg; Gasser and Leutwyler; Bernard, Kaiser and Meissner



ChiPT for nuclear forces
ChiPT⇒pion interactions are weak at low energy. 

Weinberg (1990), apply ChiPT to V:

Requires regularization and renormalization 

Cutoff Λ. Fit C(Λ) to, e.g. deuteron binding energy.

(E − H0)|ψ〉 = V |ψ〉

V = V
(0)

+ V
(2)

+ V
(3)

+ . . .

(Ordonez, Ray, van Kolck; Epelbaum, Meissner, Gloeckle; Entem, Machleidt)

V (0) = + ;

(Kaplan, Savage, Wise; Beane, Bedaque, Savage, van Kolck; Pavon Valderrama, Ruiz Arriola; 
Nogga, Timmermans, van Kolck; Birse)



ChiPT deuteron wave functions at leading order

Converges to 
definite result

Nodes associated 
with deeply-bound 
states

r < about 1 fm 
⇒ChiPT invalid

TPE corrections at 
NLO
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Higher orders in V
Two-pion exchange, additional contact terms at NLO

N3LO yields fit to NN data comparable to, e.g. AV18s

Courtesy
E. Epelbaum

Consistent 
3NFs, 4NFs!



Testing NN forces in elastic 
electron-deuteron scattering

LO QED: electron couples to Jµ

LO ChiPT: 

Deuteron form factor:

Change Q2=-q2⇒change spatial resolution

Prediction of QED and NN force model

J0(r) = |e|δ(3)(r − rp)

GC(|q|) =

∫

dr j0

(

|q|r

2

)

[u2(r) + w2(r)]



Electron-deuteron observables
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Recent experiments; strategy

B gives GM

T20 gives GC/GQ; A yields GC
2 + GQ2

JLab Hall A: A(Q2) Q2=0.7-6 GeV2, B(Q2)=?

JLab Hall C: T20(Q2), A(Q2) Q2=0.66-1.8 GeV2

Novosibirsk: T20(Q2) Q2=0.32-0.84 GeV2

BLAST: T20(Q2) Q2=0.137-0.667 GeV2

JLab Hall A: A(Q2)=0.04-0.64 GeV2

STRATEGY

Abbott et al., Eur. Phys. J. A47, 421 (2000) up to Q2=1.4 GeV2

PRELIMINARY

IN PROGRESS



Results for GC and GQ at leading order 

Nucleon 
form factors 
included via:

Two-pion 
exchange at 
O(P2); large 

at O(P3). 

GC

G
(s)
E

= 〈ψ|e|ψ〉 + O(P 2)010-3

10-2

10-1

100

GC r-space: r=0
p-space: !=3 fm-1

p-space: !=20 fm-1

Pavon Valderrama, Ruiz Arriola, 
Nogga, DP (2007)



Consistent charge operator
To test O(P2) & O(P3) TPE need J0 to O(eP3)

O(eP2): Nucleon structure, 1/M2 effects

O(eP3): 2B mechanism enters, but no free parameters

O(eP4): Two-pion exchange pieces of J0

O(e) O(eP 3) O(eP 5)

DP and Cohen (1999); Park et al. (1999); Meissner and Walzl (2001); DP (2003, 2006)



Results for form factors
O(P2) ChiPT 
wf, Λ=600 
MeV

Factorization 

Good J0 

convergence

GM breaks 
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ChiPT results for GC

Insensitive to 
r~1/Λ physics

Agreement 
with data: data 
questions for 
q=0.2-0.4 GeV 

Sensitivity to 
πN LECs

ChiPT wf at       
O(P4)?

DP, J. Phys. G 34, 365 (2007)
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Precision for GC/GQ?
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Renormalized GC/GQ

Adjust O(eP5) 
counterterm to 
reproduce Qd: 
natural size

Shape then 
largely model 
independent for 
q<600 MeV
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BLAST data on t20

Courtesy M. Garcon

PRELIMINARY

↔        GC/GQt̃20 R = −

3t̃20
√

2QdQ2

first two 
points give 

normalization



Why Compton Scattering from Deuterium?

+

Aγp Aγn

Goal is to investigate neutron Compton scattering

But two-body currents are large

Need systematic way to compute γNN→γNN kernel



Nucleon Polarizabilities
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γd scattering at O(e2P) [NLO]

No free parameters at O(e2P): PREDICTION

Polarizability and NN mechanisms on equal footing

Beane, Malheiro, DP, van Kolck, Nucl. Phys. A (1999)



Results at Elab=66 MeV

Good description; 
good convergence

O(e2P2): two free 
parameters

Wave function 
dependence now 
understood

Little sensitivity to 
polarizabilities here
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Results at Elab=95 MeV
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Conclusion

Significant advances in ChiPT description of nuclear 
force over last ten years. Rigorous connection to QCD 
through lattice data now in sight. 

ChiPT used to reliably and systematically compute the 
interaction of low-energy photons with light nuclei

New vigour to use of electromagnetic reactions as tool 
for investigating NN (and NNN) forces

Light nuclei as effective neutron targets: extraction of 
neutron properties with reliable theoretical uncertainty



Impact of two-pion exchange

Impact on 
GC’s minimum

Sensitivity to 
πN LECs

GQ largely 
insensitive
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