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Approach to low-energy QCD

Lagrangian 

light quarks u,d flavor SU(2) 

or u,d,s      “ SU(3)
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self interacting gluon fields8 gauge fields A µ,a

axial vector almost conserved (m ππππ /mp) 2 = 0.02

partially conserved axial current (PCAC) conserved in the chiral  limit m ππππ →→→→ 0
fππππ = 93 MeV≠≠≠≠ 0 pion decay constant

00 2 ≠≠≠≠====∂∂∂∂ ππππππππ
µµµµ ππππ mfA

ααααstrong ≈≈≈≈ 1: no perturbative solution



mππππ ≈≈≈≈ mN  / 7 ≈≈≈≈ 0  at hadronic scale = 1 GeV/c 2

ππππ →→→→ µνµνµνµν //// eνννν BR ≈≈≈≈ 1/10-4 mq  ≈≈≈≈ 0  fermions, (V-A) helicity suppression

no pion decay m q  = 0  cannot change handedness (chirality)

left                              right 

N acts as source for 0 – field quanta („ ππππ“) 

⇐⇐⇐⇐ ⇒⇒⇒⇒

QCD with „massless“ quarks: chiral symmetry

Chiral symmetry

chiral limit   m f =0 � L L L L chirally invariant left ↔↔↔↔ right� „equal“ mass parity doublets of hadron states

expected                             experiment

MMMM(0 –) ≈≈≈≈ MMMM(0+)     M(M(M(M(ππππ,K,,K,,K,,K,ηηηη)))) <<  <<  <<  <<  MMMM(0+) 

MMMM(1–) ≈≈≈≈ MMMM(1+) M(M(M(M(ρρρρ,,,,ωωωω,K*,,K*,,K*,,K*,φφφφ)))) <<  <<  <<  <<  MMMM(1+) 



Explicit (flavor) symmetry breaking

mu ≈≈≈≈ md ≈≈≈≈ 1% mππππ symmetry re-established for m →→→→ 0 

ms ≈≈≈≈ mππππ perturbative treatment

does not produce MMMM(0 –), MMMM(1 –) <<  <<  <<  <<  MMMM(0 +), MMMM(1 +) 

Hadron masses ? How to get the quarks dressed ?

by finite (current) quark mass 

microscopic understanding of

PCAC
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Spontaneous symmetry breaking

Back to chiral limit m quark = = = = 0

Spontaneously broken (hidden) symmetry: no 0+ „ground“ state 
Symmetry of LLLL does not appear for ground state

example: Ferromagnetism                              →→→→� QCD vacuum populated by scalar qq pairs

chiral condensate� Quarks  acquire dynamical (momentum dependent) mass
non-perturbative (traditionally: constituent quarks )� SU(n=3):  ∃∃∃∃ (n2-1) (massless) Goldstone bosons
identified with 0 –meson octet (finite mass from explicit symmetry brea king m q ≠ ≠ ≠ ≠ 0)
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Chiral perturbation theory

Effective field theory

- replace quark by Goldstone boson fields SU(2): 3 pion fields ππππ

- LLLLquarkquarkquarkquark----gluongluongluongluon →→→→ LLLLeffeffeffeff (ππππ,∂∂∂∂ ππππ, ∂∂∂∂ 2ππππ, ...) Weinberg 1979, Leutwyler, ...

- LLLLeffeffeffeff = LLLL0000
eff eff eff eff + L+ L+ L+ L1111

eff eff eff eff + L+ L+ L+ L2222
eff eff eff eff +...+...+...+... low-energy expansion in orders of

- parameters quark mass differences (m d - mu ), (ms - mu ), ...
momenta q

fine structure constant αααα
- short range behavior →→→→ low-energy constants (LECs)  from experiment� Low energy theorems leading order of current algebra

- ππππππππ scattering      →→→→ 0 (Goldstone-)Boson - (Goldstone-)Boson interaction 

- ππππN scattering relates strong ππππN coupling

nuclear ββββ-decay (g A)

weak pion decay

2

2
2

4 ππππ

ππππ
ππππ

f

gm
f A

N ====

mq →→→→ 0

LO ChiPT: Goldberger-Treiman relation



ππππN  scattering lengths a isospin   1  ⊗⊗⊗⊗ 1/2 = 1/2 ⊕⊕⊕⊕ 3/2

at threshold 2 real numbers, e.g. a±±±± (combinations of a 1/2 & a3/2)

chiral limit a++++ ≡≡≡≡ 0
a −−−− = mππππ / 2fππππ = – 0.079 / mππππ

Low-energy  ππππN  INTERACTION

ππππ
N

ππππN coupling constant a −−−− ⇔⇔⇔⇔

Goldberger- Miyazawa-Oehme  (GMO)  sum ruleππππ
N

2
Nf ππππ

ππππN sigma term a + ⇔⇔⇔⇔

measures explicit chiral symmetry breaking

contribution to the nucleon mass
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ππππN interaction and ππππH atoms

LABORATORY



2 isospin scattering length

a ±±±± = aππππ-p→π→π→π→π-p ±±±± aππππ+p→π→π→π→π+p

isospin invariance: mu = md

aππππ-p→π→π→π→π-p + aππππ+p→π→π→π→π+p = - √√√√2  aππππ-p→π→π→π→πon

strong interaction observable as

shift  εεεε and broadening ΓΓΓΓ

+ 7 eV attractive    
1 eV

εεεε1s ∝∝∝∝ a ππππ- p →→→→ ππππ- p 

∝∝∝∝ (a + + a – )⋅⋅⋅⋅(1 + δδδδεεεε )

ΓΓΓΓ1s ∝∝∝∝ (1+1/ P)⋅⋅⋅⋅(a ππππ- p →→→→ ππππo n) 2

∝∝∝∝ (1+1/ P)⋅⋅⋅⋅( a – (1 + δδδδΓΓΓΓ )) 2

PANOFSKY ratio P

ππππ–p→→→→ ππππon/ ππππ–p→→→→ γγγγn = 1.546 ±±±± 0.009
J. Spuller et al., Phys. Lett. 67 B (1977) 479

EKαααα = 2.5 keV

THEORY
PIONIC HYDROGEN   - ππππN scattering at „rest“



EXPERIMENT



high stop density� high    X - ray line yields� bright X - ray source

position & energy resolution� background reduction by
analysis of hit pattern

ultimate energy resolution

spherically bent Bragg crystal

Principle Set-up

X-ray energy



100 mm



Spherically curved Bragg crystal

CRYOGENIC TARGET

N. Nelms et al., Nucl. Instr. Meth 484 (2002) 419

image area

storage area

flexible boards

cooling (LN 2)

↑↑↑↑

↓↓↓↓

pixel size  

40 µµµµm ×××× 40 µµµµm

ππππ −−−− stop efficiency 1% / bar��
X X -- raysrays

ππππ −−−− beam

→→→→

→→→→

ττττ ππππ ±±±± = 26 ns

109 ππππ/s
iron yoke�

L. M. Simons, Hyperfine Interactions 81 (1993) 253

R = 3 m

10 cm

2 ×××× 3 array of  24 mm ×××× 24 mm devices
Large - Area  Focal  Plane  Detector

silicon 111 
or
quartz 10-1

CYCLOTRON TRAP second coil removed



SET-UP with concrete shielding at  PSI

crystal spectrometer�

spherically bent  crystals

CCD X-ray detector�
2 ×××× 3 matrix 75 ×××× 50 mm2

X-ray tube

cryogenic target

0 – 40 ρρρρstp H2

cyclotron trap II�
more muons



ππππH(3p - 1s) transition energy 

density dependence ?

εεεε1s



DENSITY VARIATION 3.5 -700 bar
energy calibration  ππππO(6h-5g)  

EQED = 2880.506 ±±±± 0.001 eV

MOLECULAR FORMATION
known to exist from muon-catalysed fusion, µH

ππππpnl + H2 → [(ππππpp) njv ⋅⋅⋅⋅p] ee Kν

decay usually by Auger process

X-ray transitions from molecular states ?

rate  ↔↔↔↔ collision probability (density) !

ππππH / ππππO

simultaneously

______________

alternately ππππH / ππππO
mixture 4He / 16O2 / 18O2

(≈≈≈≈ 80%/10%/10%)

2 bar @ T = 86K

(700 bar)



ππππH(3p-1s) energy no density dependence identified� “no” X-ray transitions from molecular states

↑↑↑↑ previous experiment

R-98.01

Maik Hennebach, thesis Cologne 2003

εεεε1s = + 7.120 ±±±± 0.008 ±±±± 0.009 eV

∆∆∆∆EQED = ± 0.006 eV !

new calculation ππππH � ∆∆∆∆EQED = ± 0.001 eV !
P. Indelicato, priv. comm.

↑↑↑↑

LH2

piH shift

7,00

7,10

7,20

1 10 100 1000

density equivalent / bar

εε εε 
/ e

V

previous experiment – Ar K αααα
ETHZ-PSI H.-Ch.Schröder et al.

Eur.Phys.J.C 1(2001)473

εεεε1s = + 7.120 ±±±± 0.008 ±±±± 0.006 eV (±±±± 0.2%)



LINE SHAPE = R ⊗⊗⊗⊗ L ⊗⊗⊗⊗ ΣΣΣΣ D

crystal Lorentzian Doppler broadening

resolution ΓΓΓΓ1s Coulomb de-excitation

���� depends on initial state

ΓΓΓΓ1s

How to extract ?



Peak 
reflectivity

microrad

Si 111 

Rocking curve

2.8 keV

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

−1000 −500 0 500 1000

diffraction theory

XOP2 code
plane crystal

similar to a Lorentzian in the tails

387 meV

CRYSTAL RESOLUTION



T = 295K

closest to energy of ππππH(4p-1s)

3500 events

70 h

Pionic carbon

no narrow lines in the few keV range from radioactiv e sources

ac
cu

ra
cy

 lim
ite

d 
by

 ra
te

 !



D. Hitz  et al., Rev. Sci. Instr., 71 (2000) 1116

CCD detector

new approach  Electron Cyclotron Resonance Ion Trap (ECRIT)

2 3S1 →→→→ 1 1S0

M1 transition

30000 / hour

He-like atoms

•narrow few keV X-rays

•high rate

S ↔↔↔↔ ππππH(2p-1s)
Cl ↔↔↔↔ ππππH(3p-1s)
Ar ↔↔↔↔ ππππH(4p-1s)

Si 111

ECRIT

= cyclotron trap (4) 
+  hexapole magnet (2) 
+  high frquency (5)

6.4 GHz
450 W

D.F.Anagnostopoulos et al., Nucl. Instr. Meth. B 205  (2003) 9
D.F.Anagnostopoulos et al., Nucl. Instr. Meth. A 545  (2005) 217



COULOMB DE-EXCITATION

MUONIC  HYDROGEN

LINE SHAPE = R ⊗⊗⊗⊗ L ⊗⊗⊗⊗ ΣΣΣΣ D

crystal Lorentzian Doppler broadening

resolution ΓΓΓΓ1s Coulomb de-excitation

����



(ππππ– p)ns →→→→ ππππ0 n

moving neutron source

non-radiative transitions

⇓⇓⇓⇓
quasi-discrete 

velocity profile

COULOMB DE-EXCITATION NEUTRON   - TOF

n – TOF / ns

A. Badertscher et al., Eur. Phys. Lett. 54 (2001) 313

(ππππ–p)n + H=H →→→→ (ππππ–p)n’ + H + H + kinetic energy

LH2 H2 40 bar



----- crystal response ECRIT 2004

Coulomb de-excitation

← low-energy component

← high-energy component 

← intermediate-energy component
no satellites from 

molecular formation
identified

↑↑↑↑

triplet / singlet = 3.0 ±±±± 0.2

∆∆∆∆E= 182 meV

(ππππ– p)np →→→→ (ππππ– p)1s + γγγγ

↑↑↑↑
moving X-ray source

ppµ ddµ

ΓΓΓΓX-ray  / ΓΓΓΓtotal ≈≈≈≈ 0.03    ≈≈≈≈ 1
Lindroth, Wallenius and Jonsell 
Phys. Rev A 68 (2003) 032502

Kilic, Karr and Hilico
Phys. Rev A 70 (2004) 042506

COULOMB DE-EXCITATION X - RAYS



LINE WIDTH and INITIAL STATE

crystal resolution

from ππππC / ECRIT  

subtracted

ΓΓΓΓ1s < 850 meV

Maik Hennebach, thesis Cologne 2003

not corrected 

for

Coulomb de-excitation

piH total line width
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3-1

4-1

3-1  ETHZ-PSI

↑↑↑↑ previous experiment



2001 and 2002 ππππH data + ECRIT

Fit to boxes from
Coulomb 

de-excitation

and

ECRIT 2002
crystal resolution

subtracted

R-98.01 ΓΓΓΓ1s ≈≈≈≈ 823 ±±±± 19 meV  (3.5%) preliminary

previous experiment

ΓΓΓΓ1s ≈≈≈≈ 865 ±±±± 69 meV (8%)
→→→→

H.-Ch.Schröder et al.
Eur.Phys.J.C 1(2001)473

piH hadronic width

700

800

900

1000

1 10 100 1000

equivalent density / bar

ΓΓ ΓΓ 
/ m

eV

2-1

3-1

4-1
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High Statistics Measurement - analysis still going o n
September-October 2005  

40000 events

expected ∆Γ∆Γ∆Γ∆Γ1s / ΓΓΓΓ1s ≈≈≈≈ 1.5%



ππππN  scattering lengths  a ±±±± (ππππH)

εεεε1s    ∝∝∝∝ [ a ++++ + a – ] (1 + δδδδεεεε ) δδδδ εεεε = −−−− 7.2 ±±±± 2.9 %   J. Gasser et al., Eur. Phys. J. C 26 (2003) 13

±±±± 1.9 %       from LEC f 1

ΓΓΓΓ1s ∝∝∝∝ [ a – (1 + δδδδ ΓΓΓΓ ) ] 2 δδδδ ΓΓΓΓ = + 0.6 ±±±± 0.2 %   P. Zemp, thesis University of Bern 2004

χχχχPT 3rd order LECs c 1, f1, f2 (2nd order) 

data 2001 + 2002 expected from data 2005



ππππN  coupling constant 2
Nfππππ
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�
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↓↓↓↓ previous  experiment

H.-Ch. Schröder et al.,
Eur. Phys. J. C 21 (2001) 473

εεεε1s ππππ−−−−H aππππ-p→π→π→π→π-p

εεεε1s ππππ−−−−D a + = aππππ-p→π→π→π→π-p + aππππ+p→π→π→π→π+p

≡≡≡≡ aππππ-p→π→π→π→π-p + aππππ-n→π→π→π→π-n

charge symmetry

↑↑↑↑ Ericson, Loiseau & Thomas
Phys. Rev. C 66, 014005 (2002)

↓↓↓↓

↑↑↑↑

R-98.01

↓↓↓↓
ππππH + ππππD      ππππH

shift  ππππH+ππππD



OUTLOOK



εεεε1s better constraints for 

ππππN isospin scattering lengths a ++++ & a –

LEC   f1

NEW !

ΓΓΓΓ1s pion production/absorption at threshold ππππNN ↔↔↔↔ NN

PIONIC DEUTERIUM



Deser formula

corrections are large

single + multiple scattering
absorption

+ Coulomb correctionsd

scorrectiona

scorrectionaaa
npD

++++====

++++++++====ℜℜℜℜ
++++

−−−−−−−− ππππππππππππ )( γγγγππππππππππππ ΓΓΓΓΓΓΓΓ
nndnndda

→→→→→→→→ −−−−−−−− ++++∝∝∝∝ℑℑℑℑ

access to ππππNNI=0  ↔↔↔↔ NNI=1 reactionconstraint für a ±±±±



ππππN  scattering lengths  a ±±±± (ππππH + ππππD)

3rd order

no 
isospin breaking 
corrections

2nd order

with
isospin breaking 
corrections

U.-G. Meißner, U. Raha, A. Rusetsky
arXiv:nucl-th/0512035

S. R. Beane et al., 
Nucl. Phys. A 720 (2003) 399

1. a±±±± from ππππH (εεεε1s, ΓΓΓΓ1s) and  ππππD ( εεεε1s ) must fit !

2. correlated fit (a+, a-, f1 )    constraint for f1



ππππH scattering ππππ −−−−p  →→→→ ππππ0n + n γγγγ

ππππD absorption ππππ −−−−d  →→→→ nn  + nn γγγγ

BR are well known

origin of  ΓΓΓΓ1s

„true“ absorption

N
ππππ

N

radiative capture ππππ
N

CEX scattering ππππ
N



ππππNN  threshold parameter αααα

χχχχPT
at present ∆α∆α∆α∆α / αααα ≈≈≈≈ 30%

→→→→ few %

charge symmetry detailled balance

dppppdnnd ++++++++−−−− →→→→→→→→→→→→ ↔↔↔↔↔↔↔↔ ππππππππππππ σσσσσσσσσσσσ
)1()0( 1

3
1

3 ====→→→→==== IPISNN

V. Lensky et al., nucl-th/0511054,2005

αααα
ππππ

ΓΓΓΓΓΓΓΓ γγγγππππππππππππ

⋅⋅⋅⋅====

++++∝∝∝∝ℑℑℑℑ →→→→→→→→ −−−−−−−−

p
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m
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32
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0

�C

��C��
d�pp ++++→→→→++++→→→→

extrapolation 
to threshold

J. Hüfner, 
Phys. Rep. 21 (1975) 1

ππππ productionππππD atom

ππππππππηηηη mk /====

NLO

LOσ/
η
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η
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η
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response function I

energy calibration I

strong interaction

Cl Kαααα
2.62 keV

15 min

ππππNe(7-6)
2.72 keV

12 h

ππππD(2p-1s)
2.60 keV

15 h

εεεε1s = – 2.469 ±±±± 0.055 eV
ΓΓΓΓ1s =   1.093 ±±±± 0.129 eV

P. Hauser et al., PR C 58 (1998)R1869



SUMMARY



∆ε∆ε∆ε∆ε1s /εεεε1s ∆Γ∆Γ∆Γ∆Γ1s /ΓΓΓΓ1s

ππππH R-98.01 0.2% 4%→→→→ < 2%

ππππD R-06.03 3%→→→→ < 1% 12%→→→→ < 4%
again:          density dependence ?                            new category: true absorption

aim:     better constraints for threshold pion production

a ++++, a – and LEC f1 ππππNN ↔↔↔↔ NN  

����2005

NEXT

PIONIC ATOMS  - A = 1,2
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almost 40 years

↓↓↓↓


