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PIONIC HYDROGEN

TN isospin scattering lengths at+ a-

PIONIC DEUTERIUM

better constraints for
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pion production at threshold 7NN < NN
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molecular formation
T Py + H2 = [(Tl" pp)njv m] €ee ,, decay by Auger process

X-rays from molecular states ?
>>> additional energy shift ? <<<




EXPERIMENTAL SET-UP



ultimate enerqgy resolution

spherically bent Bragg crystal

position-sensitive detector
Charge-Coupled Device (CCD)

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




Spherically curved Bragg crystal

age area &

,‘i' pixel size

" 40 pm x40 u“

N. Nelms et al., Nucl. Instr. Meth 484 (2002) 419 L. M. Simons, Hyperfine Interactions 81 (1993) 253



Els

TH(3p - 1S) transition energy

density dependence ?



MOLECULAR FORMATION

"Vesman“ mechanism for excited states:

experiment: muon-catalysed fusion, pH

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

X-ray transitions from molecular states ?
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consequences for 1H (np - 1s) transitions

E.-E, -(aE)?

( ) bound states below
dissociation limit of ?

Jonsell, Froelich and Walleniusfor n=1,2,3
Phys. Rev A 59 (1999) 3440

PpU ddu
May 1 T =0.03 =1

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

otal

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




TH(3p - 1s) - density dependence

mH / O

- TH{3p-1s) : 16
Z Si 111 mixture H 2/ O, energy calibration
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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

€,.,=+7.120 #0.008 #0.009 eV
i

AE o0 = +0.006 eV |

1 10 100 1000

new calculation = AEqp=10.001eV I
density equivalent / bar

P. Indelicato, priv. comm.

previous experiment — ArK _a
ETHZ-PSI H.-Ch.Schrdder et al.
Eur.Phys.J.C 1(2001)473
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TN scattering lengths a

0,02
nH: Y PT + IB
data 2001 + 2002 R-98.01 expected from data 2005
0’01 /
gﬁ potential model
= , . R- 86.05
5 Weinberg 7H + 7D / mH
1 Tomozawa
0,00 ®
-0,01 ‘
0,075 0,085 0,095
a/1/m,

g O[a*+a](1+6) 0, =-7.2+29% J Gasseretal, Eur. Phys. J. C 26 (2003) 13

[ Of[a"(1+06r)]%2

P. Zemp, thesis University of Bern 2004

O =+0.62£0.2%

TH: XPT theory 3™ order
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TiH - hadronic shift
&

TN s-wave isospin scattering lengths

81S

Deser formula - incl. Coulomb - strong-int. interference

€y = —2(13/1.3 .A.(l — 20[[1,(; (lna — l)A) -+ - -+ Trueman (1961), ...

Ericson et al. recently

A:ag++a(}—++€

O(®) in 8=q,
1 a =1/137,
— m_-m
8 (mp + Mﬂ+)FT% (mg-m,)
gimpM2+ LECS Cy, fl,_fz_
X M Mﬂ,+ — L1 contribute to isospin breakingin ~ O(&)
P mp+mp~+ Mq+

estimate [f,/K1.4 GeV*

+ mp(—8C1MJ?;0 +4(cy + 6‘3)M§+/

V.E. Lyubovitskij & A. Rusetsky,
Phys. Lett. B 494 (2000) 9
, V.E. Lyubovitskij et al.,
Phys. Lett. B 520 (2001) 204

— 4% f1 — &% )

d
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TN scattering lengths a

0,02
nH: Y PT + IB
R-98.01
0,01
gﬁ potential model
- : R- 86.05
x MEIDER] nH + 7D / nH
1 Tomozawa
0,00 o
-0,01 ‘
0,075 0,085 0,095
a/1/m,

LECsc 4, f;,f, + higher orders

0, = —-7.2+2.9% uncertainty:
+1.9% fromf,

C, new 7N phase shifts
f2 pn - 7Pd forward/backward asmmetry fl Z

4th order

improvement on
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Els

TD(3p - 1S) transition energy

density dependence ?



Deser formula

e1s +il15/2 = — (2a°m? 4c* /hc) - azd + Coulomb corrections
\
Oa, = a. ta_ + correctiors Oa, O/ wdom T gl nny)
= a’ + correctiors

corrections are large

single + multiple scattering
absorption

constraint fura * access to TNN,., « NN, reaction
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Deser formula

3 1 .
e1s +i1s/2 = — (2a°m?_4c* /hic) - azd + Coulomb corrections

L g

Single + multiple scattering

/

3%{3;;,53 = S + D +

14+ m /M
from TD €, + {0

1+ mx /My

n + (e n}

5 (14 m,/M)?
Tl me /My
G +me M
“14m </ My

4

L1+ m, /M)
Tl mg /M

4

+

N2

1D wave function

(11)
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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
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TN scattering lengths a

+

0,02
nH: Y PT + IB
R-98.01
0,01
gg potential model
Ny . R- 86.05
: 7'.” S | nH + 7D / mH
omozawa
0,00 ® ]
| nH + nD: Y PT + IB +
2" order ol AR nH +7D: xPT 3" order
R-86.05 %
with no
isospin breaking

“lisospin breaking

corrections

U.-G. Meil3ner, U. Raha, A. Rusetsky

arXiv:nucl-th/0512035

0,085 0,095 corrections

a-/1/m, S.R. Beaneetal.,
Nucl. Phys. A 720 (2003) 399

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

2. correlated fit

NN

(a+1 a-1 fl )
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D(3p - 1s) transition energy
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Deser formula

. ¢ ¢ : 2 .
e1s +il15/2 = — (2a°m? 4c* /hc) - azd + Coulomb corrections
Y

[] a, =a - +an‘n + correctiors L] anj 0 (/_n'd . nn + md > nny)

+

a + correctiors

corrections are large

single + multiple scattering
absorption

constraint fira * access to TNN,_, -« NN, reaction
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origin of [

N B
—
s [l

/ CEX scattering

TH scattering TP - N+ ny

™

radiative capture
BR are well known

/

TD absorpton 777d - nn + nny

\ ,true“ absorption T[____{; 4
"N IN
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TNN threshold parameter «

charge symmetry detailled balance
Omd - nn < Ormd - pp < app_> md
NN 3s,(1 =0) - °Pi(1 =2)
D atom Tt production
Oa,o 0 Fey 41 6oy d — @ CF NEBC i
71D 7d -nn " ' 7d - nny pp - n'd _
|
: extrapolation
:i mpm - ? : to threshold
677 | .J:hf r;ee;p. 21 (1975) 1 :
i :
v 300 0 0 !
|
|
|

‘~11 14 Bt XPT
2200 L in §§H = O :tpresent Aa/a = 30%

r--TT T s === LO V. Lensky et al., nucl-th/0511054,2005

100 =

a/n [u

. few %

0 0,05 0,1 0,15




counts

Monte-Carlo simulations

600

energy calibration 3. order reflection

Ga Ka; 9257.67 +0.066 eV
Ka, 9224.84 +0.027 eV

2001: 70(6h-50)

KC‘{1
500
Ga Ka

400 |
.
S 3001 ey
(=]
[

200 - Si 332

100 |

[} ottt S g A el
9050 9100 9150 9200 9250 9300

erergy/eV
same Bragg angle: 40°

200

w{ | wD(3p-1s)

1 1 bar 22K
1201 (10 bar)

80 1

si 111

3025 3050 3075 3100
energy/eV

crystal response Ar 16+ M1 3104 ev

TD(3p-1s) at 3 densities

foreseen 3.5 bar, 28 bar and LD ,
count rate 2000- 5000 /week (500 Cb)

similar to 2001

Coulomb de-excitation like in  TH
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OUTLOOK



PIONIC TRITIUM & HELIUM

EXPERIMENT
sls rls
TEHe 32 +3eV 28+7eV  a
34 +4eV 36 +7 eV b
Tt 20+0.4eV*
TWHe -757+20ev A5+3eV ¢
a I.Schwanner et al., NP A 412 (1984) 253, measuremen tin 1979) *

b G. R. Mason et al., NP A340 (1980) 240
c G. Backenstoss et al., NP A 232 (1974) 519

+ Werntz et al. predicted from radiative capture 7T S ynnn

Theory T/ ®He comparison: Baru, Haidenbauer, Hanhart, Niskane

[

1.6 +0.8meV*

0.7+0.3 meV *
2.2+0.3 meV **

deduced from fit to K yields

* Mol. lon f . cascade model ( input€,_, /)

n, Eur. Phys. J. A 16 (2003) 437
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PION - NUCLEAR SCATTERING LENGTH

[]a [T a

P + 0.0883 + 0.0008

n - 0.0907 £0.0016

d - 0.0261 £ 0.0005 - 0.0063 +0.0007
SHe +0.043 +0.004 0.019 +0.005

“He - 0.098 +0.003 0.030 +0.002
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Elementary reactions

Tipp— pn

SU=D)-R(1=) g

mpn-nn §(1=0-R(1=) g -
S(1=)-"R(I=D) g

Isospin decomposition

1 1
rarpnong _g4 1t o
(7T pp— 1 1
(77 pp- p1) 4,—11,,6,-01
L,
_4 2
IZ;S - 1
4/_11
1
2/_01
Mp =1
6/'10
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NN pairs

T - %
3He 1 %

“He 1 1

pp 'S =1 pn ‘(=1

pn S(1 =0
1

%
%

3

r=r

true absorption

+ [

charg e exchange radiative capture

Experiment

&, (5
pn ns pn np

*He 63+ 11 <18
‘He 12972 =
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SUMMARY



PIONIC HYDROGEN - HISTORY

— ™

shift, width / eV

almost 40 years

HYDROGEN | DEUTERIUM
8,0
, 1 € 15 +*

7,0 - + * T r 05

5,0 - }l > -1,5
s - 2006
< £ +

i T 8 -25 +

4,0 % 4 S
o Py
0 =

30{ & / S 351
X

2,0 -4,5 1

' 2005
| 55
1.0 ' ® e o
0,0 : : : -6,5 : : :
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
year year

m™He - T1eHe, MHe ?
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APPENDICES



PIONIC HYDROGEN

- TN scattering at ,rest”

Ex, = 2.5 keV

strong interaction observable as

“ shift € and broadening /I~

€ + 7 eV attractive
ri lev

2 isospin scattering length

af=a +a

TEp -TEP = T THP - THP

0 (1+1/P)Qa~(1+35)) °

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

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

isospin invariance:  m, =my
anp-,np + amp-,mp =-12 anp-,mn
2
s1s u Arp.mp ’%\
O (a*+a )@+, Oﬁbk
[1s O HUP)R 1+ _100n)?
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SET-UP at PSI

crystal spectrometer

=~ gpherically bent crystals

- -

CCD X-réy detector

=" 2 x3 matrix 75 x50 mm?

=<
BTV RN
L&

cyclotron trap Il

" more muons

N o)
shielding

L
DTN B

.




PEAK / BACKGROUND and FIT INTERVAL !

200

100

0

50

100

150

Lorentz tails

Doppler broadening

/

massive
concrete shielding
.{_

large area X-ray detector

200

150

16D 260 360 AdG Sdﬂ

new experiment

PEAK-TO-BACKGROUND ratio improved by one order of m  agnitude !
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Connection to perturbation theory

scattering lengths
LO: current algebra —»lat= 0
Weinberg,Tomozawa: _ ] I
chiral limit m ., — O —{a = -0.079/m, > + higher orders xPT
2 2
. . m

Goldberger-Treiman relation f,?N = I gA2 = 0.072
7N coupling constant 3 4 Fr
Sigma term m.. +m

L . _ u d — _ \
explicit chiral symmetry breaking oN = M <p ‘UU +dd ‘ p > o <p ‘ SS‘ p > contents

N sigma-term Oy

7N coupling constant

Goldberger- Miyazawa-Oehme
(GMO)
sum rule

' 1
(1+E)a+=—m’27 IIEU—N+d——gA }
M

473‘,2, m,ZT AMN
+- +2 0o (k,)-0 (k)
(1+m,,)a [ _ 2f7N 1 mpy T mtp\ T il
M m; m2-(m2/2M)2 2m?; 2a(K )

A/ =1%
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Formulae TH

£lg = —Ec‘uz;iflie'ﬁ +a” )1+ 4:)

Coulomb corrections

ers = 2012 Al — 20 Ino — DAY +---

A=ag, +ag, te

CHPT 2. order

V.E. Lyubovitskij & A. Rusetsky,
Phys. Lett. B 494 (2000) 9

1

- 8 (mp+ M,,+)F]%

gi’"P‘“;%*
mp+mp+ M+
+mp(—8ci M2y +4(cy + )M,

— 4e2f1 — ezfz)},

X {mpM,r+ -

CHPT 3. order 0, = —7.24+2.9 % | J. Gasseretal., Eur. Phys. J. C 26 (2003) 13

- B .i . F 59l
I'is =8a” M7 by (i 4 ......) {{'{{_}_\%‘ (1 +apif

o ' ] .
Ty == St (1w = 42 (1 4 | 4 gvaey
I L w o % (} AX»[ g i) i (1 H Z.«} o § j. ¥ ] \ ¥ Y ¢

K=dM, ol —Inoi{al, +a, )+ 2000y — My )af,)

./d = {iﬂ_'_ + €
P. Zemp, thesis University of Bern 2004

~ 16F2nMy |

5 SN

Ap s (062 027 2 107 WOHPT, leading ore

5

4
for!
]

LD
L

. 2e? foF2my, + g3 (M2, — M%)] + O(p?)
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Formulae 1D

“}" oot '+ e

Rittgy =

Nwg = A0

U.-G. Meil3ner, U. Raha, A. Rusetsky, arXiv:nucl-@512035

= —if

61 + ﬂiﬁﬁl}“dl 11' !

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

Actt = (norioth sty gy

M2 —

a
=

= 1—7(4f1
) £

‘1

TI'D

L Fef ey y“‘-,':h::'r
-l EIEI TR

— fa) + O(p")

’ r(ﬂﬂf

aLm:l,Fz

2

)+mﬁu
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I

induced pseudovector coupling

muon capture
threshold photo production

Gpy

Om

fn

pion-nucleon sigma term pion-nucleon coupling constant

explicit chiral symmetry breaking pion-nucleon scattering

N,

electric dipole amplitude

threshold pion photo production
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