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X-ray experiments measure — energy
— line width
— line yield

strong interaction e— 1112 aca, +...
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,dangerous“cascade effects

Coulomb de-excitation
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3, 10, 28 bar and LH,
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strong interaction
repulsive
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STRONG INTERACTION

 PION-NUCLEON SCATTERING LENGTHS

« PION PRODUCTION AND ABSORPTION
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PIONIC HYDROGEN - =N scattering at ,,rest*

which scattering length where?

4 3 I+
e /7_ ///
// / ///
3 ////
a //// 7£
//
)
2 o
815
1/— T
shift &€ few eV

broadening I° ~1eV

wH &g « a,, ,,, « at+a o+ ..

nH I'j e (aH_mon)Z o (a7)? + ...

D &g o« 5 ,,pt 8,0 0 © 2-2° + ...

T

a-appears in multiple scattering term

Q
H+
I

Isospin even/odd scattering length

P = TP T aﬂ'+p—)7t+p)/2 %

(a

nN isospin 1 ®1/2 = 1/2 & 3/2

o | | 2
isospin breaking corrections '53\
few-body effects etc, - O'p
under control !!! R
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PION-NUCLEON SCATTERING LENGTHS

e DT D

+ —
(o JiN a a

related quantities

induced pseudovector coupling

pion-nucleon sigma term

explicit chiral symmetry breaking

THEORETICAL FRAME WORK
CHIRAL PERTURBATION THEORY

7N coupling constant

muon capture

Gp

|

2
fﬂ‘|\|_>

AGT

Goldberger-Treiman discrepancy
pion-nucleon scattering

AN

electric dipole amplitude

threshold pion photo production
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CONSTRAINTS for a* from nH

tH &, o« f(at+a-,LEC(cyf, 1))
nH T, o [f(a~,LEC(cy,f,))]?
0,02
0,01
Weinberg
Tomozawa
0,00 @ ——
1 qualitatively
-0,01
0,075

0,095
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0,02

0,01 -

CONSTRAINTS for a* from ntH and =D

TCH 815 oC f (a++ a_1 LEC(C1’ fl’ fZ))
nH T o [f(a—, LEC(c,,f,)) ]2

nDeg., o« f(at,LEC(cyf,f,),ho(a*a))

o~

Weinberg must cross !
Tomozawa — - ] ]
0,00 . — if isospin-breaking included -
1 qualitatively
-0,01
0,075 0,095
a-
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ORIGIN of Iy,

e

scattering zZ#-p — z#°n+ny

absorption z#—d — nn +nny

N

NN < NNm

s-wave pion production / absorption

CEX scattering NAI. <
|
radiative capture NAI. -
g

BR are well known from experiment

e

,true“ absorption

s,

T, «3a

7—d = nn+nny
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NN < NN threshold parameter

charge symmetry

Qrnozn = Qzp sap

o N

7z~ d—>nn

NN 3s,(1=0)> 3P (1 =1)

Ortd— pp

detailed balance

Ny app—)n*d

D atom

n production experiments

~ 2 3
a,noc [T _ +I" _ oC
~dzD z-d—>nn ~z d-nny @ O'pp—)zfd_) v C0 ”%
T T extrapolation
directly from I’ to threshold
n=k,/m,
advantage - no normalisation

— no extrapolation to threshold

— no Coulomb correction factors C,, C;
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EXPERIMENT

Suitable X-ray source
« Crystal spectrometer performance

« Background minimisation
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JOHANN-TYPE SET-UP

ultimate enerqy resolution

/—"_b—\\
X-ray =single pixel

digitizotion

position-sensitive detector
Charge-Coupled Device (CCD)

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

L. Simons, Physica Scripta 90 (1988), Hyperfine Int. 81 (1993) 253

Folie 12



BRAGG CRYSTAL

Si 111
spherically curved

R =3m
@ =10cm

e A\ e
cooling (LN,) )

)

image 'area &

= S e

4? pixel size

S

3x2 CCD array e , x40 um ot

CYCLOTRON TRAP

one coil removed
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TvyricaL SET-UP at PSI

pionic hydrogen

pion stops in gas: few % \TC 5
all others: 1 pion makes 5 neutrons _ @\ :

200

without
concrete
P/BG ~7:1

||l1|||

100

T lllTlllllIf11

e d g a1y e b
0 50 100 150

peak/background x 10
with

concrete
P/BG ~65:1

0

200 300 400

background reduction Il

setup tH(4-1) and nD(3-1) g4~ 40°
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SPECTROMETER RESPONSE from FEW-ELECTRON ATOMS

X-rays produced in ECRIT M1 transitions in He - like
(= Electron Cyclotron Resonance lon Trap) S s nH(2p-1s)
Cl = nH(3p-1s)
Ar S nH(4p-1s) / tD(3p-1s)

,cold“ions

3000 I
; 5
S 144 B
S {}
2000
23S, 118, :
£ M1 transition hE
5 g 13+
g i §
= I
’ iz E:
1000 - Sio 111 s i
E EF
X i % E 3
x f% §§— i =
v,
0 ===

| I T I T I I T
2426 2428 2430 2432 2434 2436 2438
energy/eV

30000 events in line (3 h) <« tails can be fixed with sufficient accuracy

to be compared with Monte-Carlo ray tracing folded with plane crystal response

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

Folie 15



ATOMIC CASCADE

e Coulomb de-excitation

« Molecular formation
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nH - ATOMIC CASCADE |

n
=0 1 9 capture ~on-1
sl e e v .
e B il density dependent
TN T -
il ) /fv— /7,/~ | Coulomb de-excitation
X K ; /
o / L
g £ /7_”',-///%_/////% TPy + H=H > m7p,, + H+H + kinetic energy
4 F /////77//5/'72 >>> Doppler broadening ! <<<
//// //// identified first from n TOF
3 Fa //// 7L J.B. Czirr et al., Phys. Rev. 130, 341 (1963)
/ ///// / A. Badertscher et al., Eur. Phys. Lett. 54 (2001) 313 (status)
¥ .
|1 // E
// 2 HH(3p-1S) Mc simulation
2 7—” £ 4
/
Ex, =25 kev/// ' tails from Doppler broadening
/ . 54
4-3
/ /
1 F ? | " h ENERGY (V)
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remove I';¢

LINE SHAPE = R ® L ® 2D
crystal L gntzian Doppler broadening
response 1s Coulomb de-excitation

depends on initial state

ECRIT MUONIC HYDROGEN

CONSTRAINT from
CASCADE CALCULATION ?
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MUONIC HYDROGEN

300 -

200

(counts)

Si 111

H, 1bar/25K
(12.5 bar)

no satellites from
molecular formation
identified

energy (eV)

low-Tkin: 61+2%
medium-Tkin 25+ 3 %
high-Tkin 14+ 4%

triplet / singlet = 3.0 £0.3
AE= 183 meV (theory)

PhD thesis: D. Covita, Coimbra 2008
D.S. Covita et al., Phys. Rev.

probability density (eV™")
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| —— ESCM  "new” cross sections
w.--- ESCM  "old” cross sections
~
~
~
~199%| %
b ~
- VS. 0 (“’H):l)p
: ~ 35% il
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| (7N ©
. ey
¥N

- 0.05

- 0.04

- 0.03

- 0.02

- 0.01

.-"--' 1
/ lt
T

20 60 80 100
kinetic energy (eV)

,,box* fits = model free fit

120

re-calculation of cross sections

ESCM: extended standard cascade calculation and cross sections
T.S.Jensen and V.E.Markushin, Eur. Phys. J. D 19,165 (2002); ibid.D 21,261 (2002); ibid.D 21,271 (2002)

cross sections

G.Ya. Koreman, V.N. Pomerantsev and V.P. Popov, JETP. Lett. 81, 543 (2005)

Lett. 102 (2009) 023401

V.N. Pomerantsev and V.P. Popov, Phys. Rev 130, 341 (2006)
V.P. Popov and V.N. Pomerantsev, arXiv:0712.3111v1[nucl-th] (2007)

Poster V. Pomerantsev, Talk V. Popov Friday 14:40
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1_‘15

LINE SHAPE = R ® L ® 2D
crystal Lorentzian Doppler broadening
response 1"1S Coulomb de-excitation
¢ depends on initial state

model free approach
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&0

80

counts

40

Ih
@p=54"15"

ﬁq |

TH(2p—1s)

1.2 bor T=30K H,
(10 bar)

l
»‘L#L»W%MLM . MMMM

2432 2434

2436 2438

2440 2442

Si 111
®p=43"15

TH(3p-1s)
St

1.2 bor T=30K H,
(10 bar)

counts

' 2882 = 2884 = 2886 = 2888 = 2890 = 2892
Sio 111 T H(4p-1s)
@p=40"32" 3043 eV

f:}r?e' pressure
1.2 bar T=30K H,
(10 bar)

" 3038 | 3040 |

3042 | 3044
energy/eV

3046 | 3048

probability density /eV ™!

"BOX" FITS =H

0.55 1

&

ESCM prediction

AN\

:

o

S

N
1

o
g

()3,

(10 bar)
inconsistern

Coulomb transition

low-energy =~50%
5-4
6-4
4-3 ~50%
3-2 ?

low-energy =~55%
5-4
6-4
4-3 ~45%
5-3

low-energy ~50%
6-5
5-4 ~50%
6-4
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PIONIC HYDROGEN - LINE WIDTH and INITIAL STATE

not corrected for Coulomb de-excitation ,,box“ fits
nH total line width niH hadronic width I
1200 1200
A2-1
% *3-1
E mit
= 1000 >1000 -3-1 ETHZ-PSI
o ©
i A2-1 E
< 800 31 ~ 800
C:U m4-1
§ -3-1 ETHZ-PSI
600 600
3 30 300 3 30 300
equivalent density / bar equivalent density / bar

supper®limit T, =880 % 25 meV from 4p-1s no Coul. de-exc.

4p-1s I'is =790 £ 40 meV
3p-1s I, ~ 800 + 60 meV — |imit without cascade theory -
2p-1s I''s =900 + 30 meV
all I' s =850 + 40 meV
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next steps for I" nH

limit without input from cascade theory

in progress

analysis in Bayesian approach — unbiased estimate

— error estimate

— final accuracy = 3 - 4%

Folie 23



"BOX" FITS =D

350
301 7rD(3p-1s)
(10+17.5 bar) si (111)
2501 ’ 8y=40°
@ 200 1 B +23
I it i I's =1171_,5 meV
3 150- L e —4 -
response ----- L "
100- a ,‘ M
501 r/‘ [ W,
o |
o_,-_m"hw 'ﬂMWMu i // L T IWW(‘:,W'W,MW
700 750 800 ' 900 950
x/channels
3070 3075 3080

energy/eV

PhD thesis: Th. Strauch, Cologne 2009

Th. Strauch et al.,
Phys. Rev. Lett.104 (2010)142503;
Eur. Phys. J A 47 (2011)88

probability density /eV ™!

0.55 4
0.45 (1TH)3p
0.003 - (10 bar)
4-3
0.002 ‘
ooot I < 10%
0-
0
15
vo / cmfus 10 1
no (small) high-energy components | ?

unexplained
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nH - ATOMIC CASCADE I

density dependent

molecular formation
T P+ Hy = [( pp),,, -P] €€y,

decay usually by Auger process

X-rays from molecular states ?

>>> additional energy shift ? <<<
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nH(3p-1s) energy density dependence - result

no density dependence identified = “no” X-ray transitions from molecular states

piH shift R-98.01

7,20

€, =*7.120£0.008 + 0.009 eV

: + PhD thesis: Maik Hennebach, Cologne 2003
2 |
2 710 T - | ”L

AE e = £0.006 eV |

7,00

. 10 100 1000 new calculation iH = AEqgp = £0.001 eV '
density equivalent / bar
P. Indelicato, priv. comm.

there is new QED value available since 2011!
not yet used here S. Schlesser et al.
Phys. Rev. C 84 (2011) 015211

g, =+ 7.120 £ 0.008 + 0.006 eV (+ 0.2%)
T

will change by a few per mille
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PIONIC DEUTERIUM

energy calibration 0]
_ Si (333) :
2000 target material: GaAs
-2 1500
§ by chance: tabulated energy
1000 also from GaAs
= no chemical shift
500+
0 T T
9180 9270
strong interaction I
L e ; 3 bar
/7—/‘72 | 10 bar ¢ no molecule formation seen
Wal, - '
7[// nD(3p-1s) Si (111) 22 bar
400 1 1.1 bar 27K i
£ (10 bo) £, = —2.356 £ 0.031 (+ 1.3%)
o (]
200 | _same* uncertainties
'\ Bragg angle + 27 meV GaKe,
+ 10 meV statistics

=m0 A

3080 3090

energy/eV

3060 3070 5 meV systematics

2 meV QED

repulsive

H

PhD thesis: Th. Strauch, Cologne 2009
Th. Strauch et al., Phys.Rev.Lett.104 (2010)142503; Eur. Phys.J A 47 (2011)88
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SUMMARY OF RESULTS

 PION-NUCLEON SCATTERING LENGTHS

« PION PRODUCTION AND ABSORPTION
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niN scattering lengths a* and a-

Aexp~=2xAtheory-nof;

A exp <<Atheory - LECf;

A exp << Atheory - LECf;

S

level shift of 7D

experimental input

dth of 71T | ﬂ:H 815’ FlS
o width of 7 ]
le»ellbluft f.?f?rH' | | | | D €15

92 90 88 86 84 82
—a= / 1073011

FIG. 2: Combined constraints in the aT—a~ plane from data on the
width and energy shift of = H. as well as the w[) energy shift.

#PT: V.Baru, C. Hanhart, M. Hoferichter, B. Kubis, A. Nogga, and D. R. Phillips, Phys.Lett.B 694(2011)473
data: R-98.01 (preliminary) and R-06.03 (final)
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D. Chatellard et al.
Phys. Rev. Lett. 74 (1995) 4157;
Nucl. Phys. A 625 (1997) 855

P. Hauser et al.
Phys. Rev. C 58 (1998) R1869

Th. Strauch et al.,
Phys.Rev.Lett.104 (2010) 142503;
Eur. Phys.J A 47 (2011) 88

NN < NN threshold parameter

exotic-atom results

\

yPT

at present expected
Ao./o.~ 30% — few %

\/
300
o v
+ yPT NLO
q vV V¥
200{ \ | -/ - a & - SR Vooof
(]
e + - xPT LO
=
e [:] -
6 V. Lensky et al.,
Eur. Phys. J. A 27 (2006) 37
100 O
® PS| 2006
A previous atom data
O production data
v theory
0 :

chronological order each
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OPEN QUESTIONS



CASCADE or IS SOMETHING MISSING ?

| ptH(3p-1) Si 111

. H, 1bar/25K
> X-ray satellites from i i (12,5 bar)

- molecular formation

(counts)

248 2249 250 2951

? high-energy components

probability density /eV~"

. does cascade theory improve for ntH as for pH - if yes: AT' - AT /2

0-2eV 61+2%
54 25+3%
43  14+4%

uD

Cross sections
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PIONIC HYDROGEN STORY

= ™

shift, width / eV

8,0

HYDROGEN

almost 40 years

7,0

6,0

50 T

4,0 +

X-rays identified

3,0 +

2,0

1,0

0,0

-
L

1970

1980

1990

year

2000

2010

= ™

shift, width / eV

-0,5

-1,5

-2,5

-3,5

-4,5

-5,5

-6,5

15

DEUTERIUM

0,5

2006
T -

J

1970

1980

1990

year

2000 2010
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THANK YOU

Folie 34



PIONIC HYDROGEN collaboration
PSI experiments R-98.01 and R-06.03

Debrecen, Inst. of Nucl. Research
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— Diploma and PhD thesis «
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