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Pion reactions on few nucleon systems.

I non-trivial tests of ChPT

* πA→ πA, γd → πNN, πd → γNN, · · · low-momentum transfer

* NN → NNπ large-momentum transfer

I Low-energy reactions are connected by chiral symmetry

Examples:

* NN → NNπ allows for determination of LEC (NN̄)2π

=⇒ contributes also to

few-body forces, weak reactions, pion photoproduction,...

* NN → NNπ: key to dispersive corrections to πd scattering:
πd → NN → πd



Pion reactions on few-nucleon systems.
Tests of isospin symmetry. Extraction of fundamental two-body parameters

I πH and πd data =⇒ the s-wave πN scattering lengths a+ and a−

V.B., C.Hanhart, M.Hoferichter, B.Kubis, A.Nogga, D.Phillips (2010)

* High accuracy calculation of πd scattering: theoretical uncertainty ∼ 5%

* Reliable only if isospin violation in πN and πNN is included!
Martin Hoferichter talk

I CSB in pn→ dπ0 =⇒ strong contribution to (mn −mp)str Arseniy Filin talk
A. Filin, V.B., E. Epelbaum, J. Haidenbauer, C. Hanhart, A. Kudryavtsev, U.-G. Meißner (2009)

Forward-backward assymetry of
dσ
dΩ

(θ) in pn→ dπ0: Afb ∼
Re MIV

s−waveM
∗IC
p−wave

|MIC
s−wave|2

MIV
s−wave ∼ (mn −mp)str — (md −mu)-induced term

CSB study is feasible only if IC NN → NNπ is under control this talk

pn→ dπ0: Opper et al. (2003), v.Kolck et al (2000), Bolton and Miller (2009), A. Filin et al.(2009)

dd → απ0:Stephenson et al.(2003),Gårdestig et al.(2004); Nogga et al.(2006), Fonseca et al. (2009)
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πNN system within EFT: Power counting

ChPT treatment (Weinberg 1992)

I expand the transition operator using ChPT. Include irreducible graphs only.

– ChPT natural expansion parameter χ ∼ q
ΛChPT

∼ Mπ

mN
;

– each graph gets its chiral order according to the counting rules;

– A = C0 + C1χ+ C2χ
2 + · · ·+ non-analytic terms

I convolute with the (non-perturbative) wave functions

A Ψ
f

Ψi

A is perturbative
Ψi/f are treated non–perturbatively

– successful application to many low-momentum transfer reactions, for instance:
πd → πd many studies, see Martin Hoferichter talk
π3He→ π3He, π4He→ π4He our works
γd → πNN our works
πd → γNN Gårdestig et al.
γd → π0d Beane et al, Krebs et al.



NN → NNπ: Power Counting
A Ψ

f
Ψi

Naive application of the Weinbergs’s P.C. (with q ∼ Mπ) to NNπ =⇒ disaster!
(Park et al. (1996), Hanhart et al. (1998))

I NLO corrections increase discrepancy with the data
I N2LO terms are larger than those at NLO.

Modified power counting Cohen et al. (1996); Hanhart et al. (2000)

new small scale in the production operator: p '
√

mπMN — initial NN momentum
in c.m.s

s-wave pion:

χ ∼ p
MN
∼
r

mπ

MN

p-wave pion: kπ ≤ mπ

χ ∼ kπ
p
∼ p

MN
∼
r

mπ

MN



pp → dπ+, s-wave pion production (our work 2006)
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Theoretical uncertainty is O( mπ
MN

) ∼ 30%.
→ N2LO calculation is necessary to reduce
the uncertainty
→ N2LO pp → ppπ0

in progress (our group, Kim et. al (2009))



From NN → NNπ to dispersive corrections to πd → πd

��
��
��
��
��
��

��
��
��
��
��
��

��
��
��
��
��
��

��
��
��
��
��
��

���
���
���
���
���

���
���
���
���
���

��
��
��
��
��

��
��
��
��
��

���
���
���
���
���
���

���
���
���
���
���
���

��
��
��
��
��
��

��
��
��
��
��
��

���
���
���
���
���
���

���
���
���
���
���
���

��
��
��
��
��
��

��
��
��
��
��
��

= +

Faddeev calculations: Afnan, Thomas (1974), Koltun, Mizutani (1977)

→ only “direct” pions are included; aπd = −(5.6± 1.4) · 10−3M−1
π

ChPT calculation: V. Lensky, V.B., J. Haidenbauer, C. Hanhart, A. Kudryavtsev, and U.-G. Meißner (2007)

→ “Direct” terms are in rough agreement with Faddeev calculations

→ “crossed” terms are of similar size

→ Large cancellation of direct and crossed terms

adisp
πd = −(2.9± 1.4)× 10−3 m−1

π =⇒ adisp
πd /Re

`
aexp
πd

´
∼ 10%

Important correction to achieve a 5% accuracy for πd scattering!



p-wave pion production in NN → NNπ (our work (2009))

2

N LOLO NLO

first calculation: pp → pnπ+ channel Hanhart, Miller, v.Kolck (2000)

This study: different channels – pp → dπ+, pp → pnπ+ and pn→ ppπ− – with the
goals:

I simultaneous description with only one unknown (NN̄)2π LEC d?
I convergence of the chiral expansion?
I accurate p-wave amplitudes for CSB studies

L(0) = N†
»

gA

2fπ
τ · ~σ · ~∇π

–
N +

hA

2fπ

h
N†(T · ~S · ~∇π)Ψ∆ + h.c.

i
+ · · · ,

L(1) =
1

8mN f 2
π

(iN†τ · (π × ~∇π) · ~∇N + h.c.)−
1
f 2
π

N†
»

c3(~∇π)2

+
1
2

„
c4 +

1
4MN

«
εijkεabcσkτc∂iπa∂jπb

–
N −

d
fπ

N†(τ · ~σ · ~∇π)N N†N + · · · .



NN → NNπ, Results (our work (2009))

pp → dπ+
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NN → NNπ, Results (our work (2009))

pp → dπ+
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pn→ ppπ−: Tlab = 353 MeV (η = 0.6), Mpp ≤ 1.5 MeV (3S1-3D1)→ 1S0p
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I Impact of pion d-waves needs to be understood!

Positive d ' 3 is preferred



pn→ ppπ−, Measurement at COSY
Analyzing power at Tlab ∼ 340-380 MeV (ANKE (2010), S.Dymov et al.: PRELIMINARY)
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Positive d ' 3 is clearly preferred

impact of pion d-waves needs to be understood!

Double polarization observables are important to single out the relevant p-wave amplitudes
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Measurement: dσ/dΩ(1− Axx ) ∼ |C1 − C2/3|2 ∗ sin2(θ) – direct access to p-wave amplitudes
C1(d) and C2(d). ( V.B., S.Dymov, C. Hanhart, A. Kacharava, Yu. Uzikov, C. Wilkin)



pp → pnπ+, Results (our work (2009))

dσ
dΩ

= C0 + C2P2(cos θ) + ...

C0 =
|a0|2 + |a1|2 + |a2|2

4
+ CI=1

0 ,

C2 =
|a2|2

4
−

1
√

2
Re[a0a∗2 ],

Ay (90◦)
„
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«
=

1
4

(
√

2Im[a1a∗0 ] + Im[a1a∗2 ]).

a0 : 1S0 →3 S1p
a2 : 1D2 →3 S1p
a1 : 3P1 →3 S1s
IUCF, Flammang et al. (1998)
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I influence of Pp states needs to be understood

We can describe all channels of NN → NNπ with the same LEC d !



Summary and Outlook

We studied different pion reactions on few nucleon systems

— NN → NNπ: s- and p-wave IC pion production is under control =⇒ access to

I CSB in pn→ dπ0 (dd → απ0) and thus to the quark-mass induced
neutron-proton mass difference δmstr Arseniy Filin talk

I dispersive corrections to πd → πd .

— πH → πH, πd → πd , π3He→ π3He, ... =⇒ access to s-wave πN scattering: {a+,a−}

Inclusion of isospin violation is mandatory Martin Hoferichter talk

— π−d → γnn A. Gardestig and D. R. Phillips (2006)

γd → π+nn V. Lensky, V. Baru, E. Epelbaum, C. Hanhart, J. Haidenbauer, A. Kudryavtsev and U.-G.Meißner (2005,2007)

=⇒ access to the nn scattering length and thus to CSB in NN sector

πNN system is very important to deepen our understanding of low-energy QCD


