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Approach to low-energy QCD
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Lagrangian  Lgop = X ¢ 1y7 (0, —ig ZlAp,a)_mf Vs "2 9mw G
u,d,s, a=
C

(I

color SU(3):qgs =| green

blue
light quarks u,d flavor SU(2) Guv.a=0y3 a0y A, 3+ I apc Ay bAy.c
or uds “  SU(@3) /
8 gauge fields A |, self interacting gluon fields
Qgrong = 1: NO perturbative solution

axial vector almost _ conserved (m ,/m) 2=0.02

<O‘0A”‘n> = f,m2 20

partially conserved axial current (PCAC) conserved in the chiral limtm . — 0]
f. =93 MeVZ0 pion decay constant



Chiral symmetry

m. = my/7 =0 at hadronic scale = 1 GeV/c 2
T [v/ev BR =1/10% m, =0 fermions, (V-A) helicity suppression
no pion decay m , =0 cannot change handedness (chirality)
left —E—» right —
N acts as source for 0- field quanta (, 7)

QCD with ,massless” quarks: chiral symmetry

chiral limit m =0 =  Lchirally invariant  left « right

= ,equal“ mass parity doublets of hadron states

expected experiment
MO-) =¢M0*) MAKn) << MO
ML) =M1)  MpwX,@ << M1



Explicit (flavor) symmetry breaking

by finite (current) quark mass

microscopic understanding of

PCAC

~ ~10
m,=my=1% m_
m,=m_

Hadron masses ?

m, O 0
LMz—aTM"/J=—lZT 0) Mgy 0 ¥
0 0 mqg

auA§’=i%{M,/]2a}y5‘IJd £ 0

a”(Alﬂ +iAY) = (my + my )P, iys¥y

TS

symmetry re-established form - 0

perturbative treatment
does not_produce M(O0-), M(1-) << MO ™), M(1 ™)

How to get the quarks dressed ?



Spontaneous symmetry breaking

Back to chiral limit m « =0

quar

Spontaneously broken (hidden) symmetry: no 0* ,ground” state
Symmetry of L does not appear for ground state

—>
example: Ferromagnetism f/\ - g

— QCD vacuum populated by scalar qq pairs
chiral condensate <qf ofF > 0

= Quarks acquire dynamical (momentum dependent) mass
non-perturbative (traditionally: constituent quarks )

m2 = %f , (My +mg)(ut +dd)+ higher orders, mZ =.., m
n

Gell-Mann-Oakes-Renner relations

= SU(n=3): [/(n?-1) (massless) Goldstone bosons

identified with 0 —~meson octet (finite mass from explicit symmetry brea king m q Z0)



Chiral perturbation theory

Effective field theory

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

- Lquarkg[uan — le}((I'I,'o" T 02T ...) Weinberg 1979, Leutwyler, ...
- L= L"eﬁ(+ Lleﬁ(+ Lzeﬁ(+... low-energy expansion in orders of
- parameters quark mass differences (m 4-m,),(m,-my), ...
momenta q
fine structure constant a
- short range behavior - low-energy constants (LECS)  from experiment

— Low energy theorems leading order of current algebra

mq -0
- TUT Scattering — 0 (Goldstone-)Boson - (Goldstone-)Boson interaction
2
. f2 = Mz 9A .
- TN scattering 7N — 4 g 2 relates strong 7NN coupling
n nuclear B-decay (g ,)

LO ChiPT: Goldberger-Treiman relation :
weak pion decay



Low-energy TN INTERACTION

TN scattering lengthsa  isospin 1 01/2 =1/20 3/2

N - “ atthreshold 2 real numbers, e.g. a* (combinations ofa ,,& ay,)
”

S L chiral limit at =0

v
-7 a-=m_/2f_ =-0.079/m_
T\ coupling constant  a- = f 2

N - Goldberger- Miyazawa-Oehme (GMO) sum rule

: m, + M . -
N sigma term a*t = oN =t d (pluu +dd|p)
measures explicit chiral symmetry breaking

{P|5s| p) contribution to the nucleon mass

AHO3HL 1dX



LABORATORY

TN Interaction and T1MH atoms



PIONIC HYDROGEN

TN scattering at ,rest”

- )

~

(o]

/
/// strong interaction observable as
/
// shift € and broadening [~

E1s + 7 eV attractive
1 I, lev

2 isospin scattering length

af=a +a

TEp -TEP = T THP - THP

isospin invariance:  m, =my
anp-,np + amp-,mp =-12 anp-,mn
2
€s U amgp.mp ﬁ&
O (a*+a-){ +5,) = O‘i
[1s O (+UP)R 1wy r00)?

0 (1+1/P)Qa~(1+35)) ?

PANOFSKY ratio P
mp > 7Pn/ TP - Y0 = 1.546 +0.009

J. Spuller et al., Phys. Lett. 67 B (1977) 479




EXPERIMENT



Principle Set-up

ultimate enerqgy resolution

spherically bent Bragg crystal

position-sensitive detector
Charge-Coupled Device (CCD)

position & energy resolution high stop density
= background reduction by = high X -ray line yields
analysis of hit pattern — bright X - ray source




Spherically curved Bragg crystal

Large - Area Focal Plane Detector
2 x 3array of 24mm x 24 mm devicey

pixel size

R 40 um x40 uﬂ‘

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

10° 71s
T+ =26nS

CYCLOTRON TRAP second coil removed
\71' stop efficiency 1% / bar

D SR

eam

O- ¥,

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



SET-UP with concrete shielding at PSI

cyclotron trap |

=~ more muons

crystal spectrometer

=~ gpherically bent crystals

shjelding 5

& ea

.




Els

TH(3p - 1S) transition energy

co_
‘T ke
a7

density dependence ?



MOLECULAR FORMATION

known to exist from

muon-catalysed fusion, uH

T[pnl + H2 - [(T[pp) njvm] ee Kv

decay usually by Auger process

X-ray transitions from molecular states ?

rate « collision probability (density) !

N=1,2
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DENSITY VARIATION 3.5 -700 bar

energy calibration

nO(6h-5¢)

Eoeo = 2880.506 #0.001 eV

RTINS N
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simultaneously

alternately TH / O
mixture “He /10, /180,
(=80%/10%/10%)

2bar@ T =86K




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

piH shift
R-98.01
7,20
Maik Hennebach, thesis Cologne 2003
3 710 * + + £, =+ 7.120 #0.008 #0.009 eV
’ T
AE e =+0.006 eV !
7,00 ‘ :
! 0 _ _ 10 1000 new calculation 7H = AE,,=+0.001 eV '
density equivalent / bar
P. Indelicato, priv. comm.

g, =+ 7.120 #0.008 #0.006 eV (+0.2%)
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How to extract ?



CRYSTAL RESOLUTION

0.7 T T T
Rocking curve
0.6 [ |

Si 111 : :
05F 4 diffraction theory

2.8 keV

Peak
reflectivity

04r i XOP2 code

i plane crystal

0.2

0.1+

0
—-1000 -500 0 500 1

microrad

similar to a Lorentzian in the tails



counts

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

Pionic carbon

. 7 C(5—4)

400 3500 events

,5,@ quartz 10-1

AN
3001 i}\& 1.5 bar CH, on
o T = 295K

200-
1001

2972 2974 2976 2978 2980
energy/eV

closest to energy of 7H(4p-1s)



new approach  Electron Cyclotron Resonance lon Trap (ECRIT)

Bragg crystal

o

AP
%

74

cleaning
magnet 6.4 GHz
450 W

L
L

ECRIT

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

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

) 3000 I
He-like atoms Si 111
14+ ?
enarrow few keV X-rays > i
. 2000 3 1 g
*high rate I 275, =175 4,
§ 1 M1 transition g |35+g
= B ?
S -  TH(2p-1s) 1000 - e =
£ 5 ; £ =
Ar o  TiH(4p-1s) i i; .
. : 24:26 I 24|28 24]30 I 2432 I 24|34- 24|35 I 24|38
energy/eV

D.F.Anagnostopoulos et al., Nucl. Instr. Meth. B 205
D.F.Anagnostopoulos et al., Nucl. Instr. Meth. A 545

(2003) 9
(2005) 217






COULOMB DE-EXCITATION

NEUTRON

- TOF

(T pP) » TN

moving neutron source

non-radiative transitions

U

guasi-discrete
velocity profile

(tp), +H=H - (mp), +H+H + Kinetic energy
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A. Badertscher et al., Eur. Phys. Lett. 54 (2001) 313
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COULOMB DE-EXCITATION

X - RAYS

300
(T P)yp = (Pt Y

1
moving X-ray source

no satellites from
molecular formation
identified

ppe  ddp
/-X-ray //-total =0.03 =1

Lindroth, Wallenius and Jonsell
Phys. Rev A 68 (2003) 032502

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

2248 2250
energy/eV

(H(3p—1s) Si 111

Ibar T=2ZK H,
{12.5 bar)

Coulomb de-excitation

~ low-energy component

~ intermediate-energy component

~ high-energy component

----- crystal response ECRIT 2004

triplet / singlet =3.0 £0.2

AE= 182 meV




LINE WIDTH and INITIAL STATE

Sio111 mH(2p—1s)
01 @g=54"15"
60 1 ‘ 1.2 bar T=30K H, i
£ (10 bar) not _corrected crystal resolution
o Wf for from mC/ECRIT
& Wi {kum Coulomb de-excitation subtracted
2432 2434 2436 2438 2440 2442
~ e s 7 H(3p—1s) piH total line width Azt
f ®p=43"15 SIREE ¢ 31
150 1.2 bar T=30K H, =41
"vg) (10 bar) 1400 |
8 100
3 1200 -
50 E i +
. e | } f
" 2882 | 2884 = 2886 | 2888 = 2890 = 2892 g 1000 - +
Ly Si 111 7T H(4p—15) ] +
7y W01 @g=4032" 3043 eV 800 P ——r S S S
150 f target pressure 1 10 100 1000
L 1.2 bor T=30K H, . .
5 (10 bar) equivalent density / bar

[, <850 meV

" 3058 = 3040 = 3042 3044 3046 3048

energy/eV Maik Hennebach, thesis Cologne 2003



2001 and 2002 ™H data + ECRIT

piH hadronic width a2-1
e3-1
1000 w4l Fit to boxes from

- 3-1 ETHZ-PSI Coulomb
de-excitation

previous experiment

[, =865 + 69 meV (8%)

%E) 900 and
H.-Ch.Schroder et al.
Eur.Phys.J.C 1(2001)473 : 800 ECRIT 2092
crystal resolution
subtracted

700
1 10 100 1000

equivalent density/ bar

R-98.01 Fls =823 £ 19 meV (3.5%) preliminary




High Statistics Measurement - analysis still going o
September-October 2005

counts

A00

700
800
200
400
300
200

100 1

mH(2p—1s)

1 bar 22K (10 bar)

|

40000 events

0430 2435

energy/eV

0440

expected Al /I = 1.5%

| 0445



TN scattering lengths a * (TiH)

0,02
nH: ¥ PT + IB
data 2001 + 2002 R-98.01 expected from data 2005
0,01 /
gﬁ potential model
A : R- 86.05
x il 7H + 7D / mH
Tomozawa I
0,00 ° T
-0,01
0,075 0,085 0,095
a/1/m;
O[a*+a"](1+0d) 0, =-7.2+2.9% J casseretal, Eur. Phys. J. C 26 (2003) 13

815

M Of[a"(1+6r)]°2
XPT 3% order

Or

+1.9% from LECf

=+06+0.2% v~ Zemp, thesis University of Bern 2004

LECs c,, fi,f, (2" order)



a~/my!

f2

TN coupling constant N

Goldberger- Miyazawa-Oehme - 2 tot _ ot
(GMO) (1+m 2 - 2T s L To’fp(k“) cr’fp(k’T)dk
T
sum rule M "mg mﬁ —(mﬁ [2M)? 215 20 Kyp)
A/=1%
2
L 14 15
0123 l ! I I | | = H.-Ch. Schrider et al
1 GMO sum rule 2 : : - Eur. Phys. J. C 21 (2001) 473
. = e -
] c 2 25 r
0.10 - F =g! & _——""F
. L:T P_ .;,_8 ! I — -
Jo = o + - -
E Sk ;_‘*-E/ir/ n € TTH 8py_pp
= — (=] -
008—:< ///# > : : é o &, mMD ar = @nporp t Qmp
* 1 o =
E /P = I I E = anp-,np + ann_.nn
] R-98.01 } : NN = charge symmetry
0.06 - [~ | S ] - | |
0.070 0.075 1 0.080 0.085 | Ericson, Loiseau & Thomas

fz N Phys. Rev. C 66, 014005 (2002)
'
shift TH+mD



OUTLOOK



PIONIC DEUTERIUM

better constraints for

TN isospin scattering lengths
LEC

NEW !

pion production/absorption at threshold

ate a~

TNN « NN



Deser formula

- ‘ ¢ 3 2 4 . )
€1s + 111 /2 = — (2a”m; ,c™/hc) - azd + Coulomb corrections
y
Oa, =a, +a,_ + correctiors Day O g ot g o))
= a’ + correctiors

corrections are large

single + multiple scattering
absorption

constraint fura * access to TNN,_, « NN, reaction




TN scattering lengths a * (TH + D)

0,02
nH: Y PT + IB
R-98.01
0,01
Eg potential model
z . ' R- 86.05
& LkEIRBEEY ll H +n7D / =nH
| Tomozawa I
0,00 @ | T
» 1 nH + nD: ¥ PT + IB i ;
2"¢ order / e nH + nD: y PT| 3'° order
R-86.05
with o .
isospin breaking ‘ ‘ ‘ isospin breaking
corrections 0,085 0,095 corrections
a-/1/m, S. R. Beane et al.,

U.-G. Meil3ner, U. Raha, A. Rusetsky Nucl. Phys. A 720 (2003) 399

arXiv:nucl-th/0512035

1. a* from t™H (g, /7)) and 1D (&) must fit!

NN

2. correlated fit @, a, f;) constraintfor f;



TH

TD

origin of /[

scattering

absorption

S

g

CEX scattering N 1 =
-,

Tt

Tp - n+ny

™

radiative capture

N

I8

BR are well known

/

md - nn +nny

™

Lrue* absorption

A

N




TNN threshold parameter «

charge symmetry detailled balance
Od - nn < Ord - pp < g pp - r'd
NN 35,01 =0) = °P(1 =1)
TD atom Tt production
Oa,n 0 7 - + 6op_ vd — @Co % ”
71D md snn " 7d - nny pp - n'd _
1 ? extrapolation
= mp |])’ - - to threshold
6” .Ja'h';; r;eeéia. 21 (1975) 1

NLO - ! XPT

at present  Aa/a = 30%

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

. few %




energy calibration |

response function |

strong interaction

£,.=— 2.469 #0.055 eV
.= 1.093 £0.129 eV

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

1 sio111 3 Cl K

1 Y 2.62 ke

] T T U 1 T 1 T

o 20 4 & 8 10 120 /ch

1S 77-Ne(7-6)

1 7 272 keV

] i

] 16V 2

1 E

] l

T i Um\ld\l IR

T T T T T T T T T T T T T T T

40 60 80 100 /ch
SN111 7v-D(2p-1s)
o 2.60 ke

n=2 / %’;3’; CI Ka

ke / /, 2.62 keV
n=1 s 15 min
[=4 5 6
=7
' TiNe(7-6)
2.72 keV
n=6
12 h
n=2 2%
nD(2p-15)
/ 2.60 keV
- r .
n=1 1srepulswe 15 h

EE (i = 2438 )



SUMMARY



R-98.01

R-06.03
again:

aim;

PIONIC ATOMS - A=1,2

VAT

0.2%

3% - < 1%

density dependence ?

better constraints for

a* a-and LECf,

Al 1T

v

4% — < 2% 2005

12% _, < 49  NEXT

new category: true absorption

threshold pion production

NN o NN



PIONIC HYDROGEN - HISTORY

almost 40 years

— ™

shift, width / eV

HYDROGEN

8,0

7,0 1

6,0 -

5,0 -

4,0 -

3,0 -

X-rays identified

2,0 1

1,0 4

0,0

2005

?® oo

1970
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