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EXOTIC ATOMS

25 years ultimate-resolution X-ray spectroscopy < 10 keV
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CHARGED PION MASS

v mass limits
dark matter
unstable v
requires ~1ppm

Inconsistent results for m, > m

Vu

from
1) m~ exoticatoms solutions Aand B with A=15 ppm

A = m,*<0

Jeckelmann et al. NP A 457 (1986) 709, PL B 335 (1994) 326

2) " ->pt+v, decay at rest

Assamagan et al. PR D 53 (1996) 6065
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ANTINUCLEON - NUCLEON, ..., no microscopic theory

vCoulomb e Uhddronic

Uy adronic = Meson exchange e annihilation
scaltering: pp <-> pp pp —> mesons
pp <=> nn
G-parity -
NN ——=—- > NN U « ap(r)
~ 1 1m
I
Re Uhadronfc Im Uhadronic /

~ 10 GeV ——

eI <==> medium + long-range part of NN inferaction

review

Buck, Dover, Richard,
Ann. Phys. (NY) 121 (1979) 47

spin-spin "deuteron,, - problem Nno microscopic theory

spin-orbit effects

<= check in particular spin dependence !
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PIONS, NUCLEONS - INTERACTION in terms of QCD

CHIRAL PERTURBATION THEORY (¥PT), ...

~0
Atheory ~% !

h

N < nN

scattering length

-f"""f“é

///j,:,h \.‘\
Fig. 1. A typical term in the expansion (3.7) of the nucleon propagator, ——=—— nucleon; = = =
PLOTS} ~———voetor current; —== axial vector current; ——~_— pscudoscalar density; scalar density.

J. Gasser etal., Nucleonswith chiral loops, Nucl. Phys. B307, 779 (1988)
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LABORATORY: EXOTIC ATOMS

hc
m.. ., C:«
red

aBohr -

ZZ
X-ray B,=—-m,_,c’a?- o

~  particle - nucleus-interaction
T~ T \\

SN

Py

experiment X-ray energy, line width, and intensity
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CAPTURE and DE - EXCITATION

P P~ capture

internal Auger effect

2 ~1/2
\-\\QQ/ /, /J// //// /// p «cZ oc(AE)
6@() /I/ /// ///i/ /////
/
& s TR
&\Q) ol oy ;//// X-radiation

\&Q 4 // /1)

3 ¥ 1]

FXA o Z% o (AE)3

different de-excitation cascades for

leptons M pure electromagnetic cascade

hadrons T, K, p, ... ... + nuclear reactions for low | - states
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ATOMIC BINDING ENERGY

Ze*
total = T + AVQE D + Vstrong interaction

>NW‘< Mself eNergy Yukawa potential
e Hr
>(>< ariat Vstrong = 97—
: polarisation he
u =

+ higher orders

long range
r/fm

r/fm
0 1 2 3 4 5

1 10 100
1 [ N A | I I Lol I -0 1 1

V/au
(@)
(@)
V/au

—Coulomb potential

_0’5 _
1 —Coulomb potential
—strong potential —strong potential
-1,0 l -4 [
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HADRONIC ATOM

probability density strong - interaction effect
1s: | W,o(r) | 2r2dr 3 g
|y (r) |2rdr 7T
2p: |, (r) | 2r2dr /;/// y
5 }
¥ / Iy
] ,//
oy
250 650 r/fm )
ity e @& level shift £
nuclear density \\ T //,
p () A%l AX>1 hadronic effectsin | > 0 states ,,,/ level broadening I”
% % 1_‘1s
1 5 r/fm 1 €16

r
— 3 _ — 2
AE'Stron,g = € lz - .”lpnll |Vstrong|dV x a € C
AEy.,n, Teduces to complex numbers - scattering length ag for s-waves

- scattering volume a, for p-waves
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Starting conditions

* low Z muonic/pionic atoms
e antiprotonic hydrogen

* pionic hydrogen
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CHARGED PION MASS

X-ray line width too large X-ray line yields Y
Counts PP EPET PP EPETEPITS PSP IR SRR TR TR —T —
Y o
300 4| Mg (4f- 3d) i abs N o
1 0.05 o
3200 - 5
..
3000 - © .
2800 - L ¥
| 0/2 Ke- || 5
2600 - _
58§ f
. 001 | (} ‘
200 - D uN@-—>1)
1F a3l B N - = il ¢ ¢ UNG->1)
2200 + AElev] i % % *
1 : OfS I.IO 1],5 r 0.005
N sl
-1627800  -1627700  -1627600  -1627500 001 0.1 1 10 100
p / bar
Jeckelmann et al. NP A 457 (1986) 709 R. Bacher et al., Phys. Rev. Lett. 54 (1985) 2087
PL B 335 (1994) 326 P. Ehrhart et al., Z. Phys. A 311 (1983) 259
K. Kirch et al., Phys. Rev. A 39 (1999) 3375
How many K electrons ? 2! change due to electron refilling

AE due to electron screening internal Auger emission very fast
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ANTIPROTONIC HYDROGEN

A1
e\®
90“0‘“
2% \C
e\ e\
Q(\]T\‘ 5\\\’\‘
two different energy regimes
n f Balmer series r
. annihilation ~ 100
4000 - Tx-ray
B 2p
2S m—
1%
2000 99%
0 o
’ ‘\‘2 " E/kev
I ~30-500 meV I ~1keV
Yx ~50% Yi, ~1%

Lyman and Balmer series

in addition

LINE YIELDS strong density dependence

) -\\\ pH
B \\ o Balmer tot
y . © — — — Balmer &
B AN
) A
| \}\
) \\+
i PR
0 el el LA 7')—'1’—"'11
0 1 2 3
10 10 10 10° o /mbar

PS175: K. Heitlinger et al., Z. Phys. A 342 (1992) 359
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PIONIC and MUONIC HYDROGEN

PSl exp. R98.01 pnCCD

1600

1200

counts

800+

7 H

10 pstp

™ Ka

fast CCD
AE ~180 eV

T
.,
-

energy/keV AN

~ unresolved
g 1" ~1ev from high

t I t (n,I=1) states

access to strong interaction effects

AT ~ 8%

only Lyman series

YIELD

nH —

102 10 1 10 102 (bar)

uH ==

_r[ = ! Il1nnl I_le‘l"lr T‘lﬂfl"'ll‘l ‘l-l—kllllll LI

10 10 10

_'5' LERALY | _'4' LR _'3' LB R _’2' T _'1 LRI
10 10 1
DENSITY/LHD

data:
A.J. Rusi el Hassani et al., Z. Phys. A 351, 113 (1995)

cascade calculation:
V. E. Markushin and T.S. Jensen, Hyperfine Int. 138 (2001) 71
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MUONIC HYDROGEN

Eg(n=1) = 2.6 keV
rg(n=1) = 280 fm

Up = evv +p
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PIONIC OR ANTIPROTONIC HYDROGEN

size and time scales for pions P > 7n’+n/y +n

pp — 5.5 win average
Folie 17



STARK - MIXING strong density dependence of yields for Z=1 (Z = 2)

collisions — electric field —» mixing of | states Z=1 (Z=2)

z — 0 ]ﬁn,lan,l_ﬂ # 0 1 [;1,I»n,lfl # 0 2 G,I»n,lﬂ # 0

N N = o o o

[uclear reactions /

= large beam-induced background

N
=0 1 2 ] ) y A
~ 16 ,7—';? s B Vg T I e e ——
™ i 7 I ’ -
(\/; W // 7 g ntH
ﬁ\ P g i 4 P 4 7 —
—— a LAY A
< ~ NS 7
pH = nuclear reactions in s and p states
nH = nuclear reactions in s states
uH = muons come back from s states = Yiu > Yon
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EXPERIMENT

How to produce a suitable X-ray source

many of exotic atoms?

How to achieve the ultimate resolution ?

Folie 19



CYCLOTRON TRAP concentrates particles

“wind up” range curve

X-ray detector S
\\0‘\ in a (weakly) focusing magnetic field
0B
n=—-2<1 fieldindex

T

increase in stop density

compared to alinear stop arrangement

LN pions (PSI) x 200

antiprotons (LEAR) x 108
cyclotron trap

Il
S = high X-ray lineyields

= bright X - ray source

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

Folie 20



JOHANN-TYPE CRYSTAL SPECTROMETER

simultanuous measurement of AE Bragg law nA = 2d - sin@pg

spherically bent crystal focussing conditions

horizontal R, -:sin@g v

vertical R, sin’0yg
usually dismissed

angular dispersion

2 T - §; dE E
& Rowland circle sym. plane 40 tanog
2-dimensional
position—sensitive extended X-ray source
detector

D. Gotta, Prog. Part. Nucl. Phys. 52 (2004) 133
D.E. Gotta, L.M.Simons, Spectrochim. Acta Part B 120 (2016) 9
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BRAGG CRYSTALS guartz or silicon

quartz (10-1)

= (2982.620.4) mm

quartz disk

thickness 0.2 mm
diameter 10 mm
attachment  glueless

support glas lense ¢$120 mm x 30 mm

ermmlmurnwlllltIl[nll\Tﬂinunl A} Illlhl FRED AT R AR PR
; (e %l I FEH 1'21113"1111 115

l aduian:

il It!.l | MG |
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2-DIM. POSITION-SENSITIVE DETECTOR

2 x3 charge-coupled device (CCD ) array

X xy: 600 x 600 pixels each

pixel size 40 pum x40 um

frame transfer =~ 10ms

data processing 2.4s

operates at - 100°C

AE~150eV @ 4 keV

Eqo. ~ 90%

N. Nelms et al., Nucl. Instr. Meth. 484 (2002) 419
P. Indelicato et al., Rev. Sci. Instr. 77 (2006) 043107
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Tyricar SET-UP at PSI

pionic hydrogen

pion stops in gas: few % \TC 9

all others: 1 pion makes 5 neutrons
without

concrete
P/BG ~7:1

200

Illlllll

100

T lllTlllllIf11

o el oy ol 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) Og,,44~40°
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CHARGED PION MASS



ATOMIC BINDING ENERGY

E.=E Ze ze QED calculations
B~ =Coulomb _T >"N"‘< +1 meV

N A

self energy + vakuum polarisation + higher orders

T AEscreening capture  x~+[A(Z,N)Ze] = {[x"A(Z,N)]ne-} + few e~

probability density

1s: | w,o(r) | 2redr
|w_(r) | 2radr

2p: |W,,(r) [ 2r2dr
t AEfinite size

‘‘‘‘‘‘ ~-250 650 r/fm

.
-

nuclear density ™\~ ™
p () AA\l A>%1 hadronic effects in [>0 states

+ AE

strong interaction

1 5 r/fm

Folie 27



ATOMIC BINDING ENERGY

EB - ECoulomb >"’"“‘<
+ AEqgp M >‘<>*<
h

self energy + vakuum polarisation + higher orders

Ze

X Myeq (TL'A)

+ AEfinite size tiny corrections

+ AE

strong interaction Ny corrections

Folie 28



FIRST STEP

N, gas target 1.4 bar
no electrons

S.Lenzetal. PL B 416 (1998) 50

7N(5-4)
4,055keY

Sg—-4f

Am_/ m_ = 4ppm

discrepancy removed

LENZ 98
o]
ASSAMAGAN 98
o>
JECKELMANN 94 A B
e -
DAUM 91
F—o—
JECKELMANN 86B
o
LU 80
—o—
CARTER 76

MARUSHENKO 76

IIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

139.562 139,566 139,570
My /MeV/c?

¢ 2 4 60 8 100 120 140
channels

energy calibration: Cu Ke standard
Deutsch et al. PR A 51 (1995) 283

Problems with calibration

= |large natural line width
» multiple ionisation = satellite lines

1~ N(Sg-4f) / Cu Koy
m1t— 'u;l' 14‘

T~ Mg

mt— M+ V,u,

T~ Mg

T~ atoms

T atoms

T~ atoms
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SECOND STEP

+ simultaneous measurement N & pO

— low O count rate cyclotron trap I

m_=139.57077 +0.0018 eV

measurement calibration Eoig-an! Exnsg-an = My / My + ... (£ 1.3ppm)

world average 2014

T T T T T T T T T T T T T
this experiment g T™N /,UJ_ 0
LENZ 98 Z TN / Cu Koy
ASSAMAGAN 96
p =ty
JECKELMANN 94 A ‘B
—a— Z T Mg
DAUM 91
I =ty
JECKELMANN 868
- T Mg
LU 80
= T~ atoms
CARTER 76 _
———o 7T~ atoms
MARUSHENKO 76
! o 7T~ atoms
[ <
400 Tg 400 <t AP B WS R ST PR P SR S i
b!)? clll 139.562 139.566 139.570
vz 8) 2
o5 e max /MeV/c
7d 4 “
300 3 = 300 o

) M. Trassinelli et al., Phys. Lett. B 759 (2016) 583
Ey /keV - R y (2016)
© 200 g % 200+
o &
U
[©F |
100 =) 100

N, /O, mixture (10% / 90%) @ 1.4 bar line width ?

4023 4025 4025 4054 4056 4058
energy / eV
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SPECTROMETER RESPONSE zNe(6g — 5f)

20
7" Ne

s p d f g h I

o — ==
/; /272 kev

4.51 keV
n=di—a = e

8.31 ke¥
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COULOMB EXPLOSION - atoms =molecules

molecule fragmentation

(7[_ N,)4
response function 2
usable as X-ray standard «— (z7N)®& NG —
n.
nNe(6-5) Si 220 TN(5-4),
B0 -
18
##
4505 B ey Ty -
ENERGY (6V) ENERGY {e¥)
AEBp, e & 800 £ 100 meV ~900 + 300 meV
q,~ 9+2 q,~ 19+10
AE = 520 meV = 4 = 0,0,

T. Siems et al., Phys. Rev. Lett. 84 (2000) 4573

explains density dependence onset of uN line yields
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NUCLEON - ANTINUCLEON

STRONG SPIN - SPIN and SPIN - ORBIT INTERACTION

Folie 33



AE=8.68 keV

PROTONIUM - hyperfine transitions

3d

AE=1.74 keV

2p

1s

Strong HFS:

J.M. Richard, M.E. Sainio, Phys. Lett. B 110 (1982) 348

J. Carbonell, G. Ihle, J.M Richard, Z. Phys. A 334 (1989) 329
QED HFS:

S. Boucard and P. Indelicato, to be published

Veitia, Pachucki, Phys. Rev A 69 (2004) 042501

XXX,

X3

6%

R
X

%

e
5
%

XX KKK
R

<N
e IELT X X
TR

Pat)

X

277

JmeV

-750
-540

eV

ABgep

strong-interaction effects in s- and p-states

d state

strong interaction negligible

p state

spin-orbit interaction

~< meson exchange:
~ | strongly attractive
isoscalar tensor interaction

Richard, Sainio, Phys. Lett. B (1982)349

S state

spin-spin interaction

€ >0 (<0) = attractive (repulsive) interaction
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PROTONIUM 2p state

cyclotron trap + crystal spectrometer
AE =290 £9 meV

1
332 LEAR PS207: D.Gotta et al., NP A 660 (1999) 283
3d 303 =0
3D1 n
i a” = F, 5
AE=1.74 keV 400 = IC)H(J=Z)
5
300 - a quartz 100
= 22 mbar
0 .
200 QED
+had.WW (DR1)
bound states ?
100 Ny |
J. Carbonell,
! il ' Nucl. Phys. A 692 (2001) 11

| | \
1736 1737

J/¥decay — new theor. efforts
energy/eV
€/ meV I’/ meV

spin average +15 x20 38.0 £2.8
3P, +139 £38 120 25
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PROTONIUM 1s state

cyclotron trap + MOS CCD

LEAR PS207: M. Augsburger et al., Nucl. Phys. A 658 (1999) 149

gleV I'/lev

spin average -714 £14 1097 £42

1S, - 440 £75 1200 +250*
38, -785 £35 940 + 80*

* fixed 1S,/ 3S, ratio
background from pD

pBe
-4 5H(2—1)
600 | '
e fe 20 mbar
K pH K
/ A S 1CCD 13 x 8 mn?
’i} wallpag

D20V avaca.

counts / 32 eV

HFS splitting?

T
3&ﬁﬁﬁﬁﬁmbq;“hk

RIE
KR

<
5
XXX

.
KK

X

T T
1 12

.
oo

KR

s
o

XX

X

energy/keV
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ANTIPROTONIC DEUTERIUM 2p and 1s state

2 2p state HFS not resolvable
: pD(3-2)
= spin average &yp = -243 £26 meV
Si 111
5. 30 mbar I, = 489 £308 meV
40 - = = reasonable from larger overlap
D H
I, ~13-T5 ,
05 ]“: ] i% 'T "I'l T F(IJ.SUhad|\Pn£| dV
2314 2316 2318
energy/e\/ D. Gotta et al., Nucl. Phys. A 660 (1999) 283
800 ET ;_i —}5D<2M1> ground State
> 600 /M\ [' S 20 mbar spin average €1 = -1050 =250 eV
- mi s = CCD1
- | V /H g 'L = 1100 £ 750 eV
4, 400 \J ] 3
s VN
 200- : U\\ B .
weak signal
0- T - T
6 8

energy/keV

M. Augsburger et al., Phys. Lett. B 461 (1999) 417
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EXPERIMENTAL RESOLUTION

300+

200

100+

/ 53He(5-4)

og—4f

quartz 100
26 mbar

|
| 7/—

1686 ' 1687 1688

energy/eV

D. Gotta et al., Nucl. Phys. A 660 (1999) 283

Nealculated — 2.9 ° 1077
(7+3)-1077

Nmeasured =

CASCADE

n:5 T — /I’ /I

d '
n=4 <
n=3 —

Y(5f-4d) _

Intensity ratio Y(Gg—ap)

=(7.74+0.6)%

Relative population 22 pg:f) = (21+2)%
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PIONIC HYDROGEN & DEUTERIUM

,QCD Lamb shift*

PION — NUCLEON SCATTERING LENGTHS

Folie 39



STRATEGY - VARY TRANSITION & DENSITY

pH

s P d f

4 T 7w 7
N7
3 /£

HFS

niH
& B
//// % 4-1
3 ////7L
- f//////
/
)/ 3-1
2 A
2-1

€5 strong interaction

1/; Iys

attractive

D

1—‘15

1 /i €15

,dangerous“cascade effects

Coulomb de-excitation

molecular formation

10 bar

3, 10, 28 bar and LH,

3,10 and 17 bar

strong interaction
repulsive
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7tH

D

7tH

HYDROGEN & DEUTERIUM - ORIGIN OF &

elastic scattering 7P —= &P

+ ...

coherent sum TP =7 P+tzrn

+ ...

HYDROGEN - ORIGIN OF /7

/

scattering 7P = z#°n+ny

CEX = charge exchange \

CEX scattering N A|»
’

-
T

BR P well known from experiment

P = 2% /ny=1.546240.009

radiative capture N AI»
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PION-NUCLEON SCATTERING LENGTHS

n ® N Isospin 1 ®1/2 =1/2® 3/2

+— 1/
a—-= z(a,, pian+p)

1 _
Ay = 5(201/2 +azn) =at+a
V2 _
An—p >nn = _?(al/z - a3/2) =—vV2a
Apty = Ap—p = A3/ =at—a

YyPT a*—> a*+ Aa”
a - a + Aa”

review theory: J. Gasser, V.E. Lyubovitskij, A. Rusetsky, Phys. Rep. 456, 167 (2008)
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P|ON-NUCLEON SCATTER”\lG LENGTHS related quantities

DT )

+ —
(o JiN a a

induced pseudoscalar coupling

muon capture

Gp

|

pion-nucleon sigma term

explicit chiral symmetry breaking

THEORETICAL FRAME WORK
CHIRAL PERTURBATION THEORY

fal— AT

zaN coupling constant

Goldberger-Treiman discrepancy
pion-nucleon scattering

NE.

electric dipole amplitude

threshold pion photo production
Folie 43




PIONIC HYDROGEN &4

't
z calibration measured & 3 7’ //7_ ///
£ mO(6h - 59) X-ray spectrum 7/// ///
- //
80 - W,
¥/
60 l
mH(@3p - 1) 5 /
TH(3p - 1
o TR - g, = + 7.086 + 0.009 eV
without S
1 strong interaction § (£ 0.13%)
20
i |' : _ at+a” =(93.0+3.3)-1073 m;’
%76 2880 2884 2888 2892
? energy / eV 1
M. Hennebach et al. et al., Eur. Phys. J. A 50 (2014) 190
Eur. Phys. J. A 55 (2019) 24 (E)
scattering lengths experiment Trueman correction  yPT *
tH &g ap, ,,, o« at+ta + .. £ 02% ..~ 1% + (-9.0+3.5)%
Figoc (@Qppsmn)® € (@) + ... £ 250\ ...~ 1% + (+05+1.0)%
nD €1 € Ar g spd X 2-at + ... + 1.3% — 1% + + 4%

* J. Gasser et al., Phys. Rep. 456 (2008) 167
M. Hoferichter et al., Phys. Lett. B 678 (2009) 65
V. Baru et al., Phys. Lett. B 694 (2011) 473
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COULOMB DE-EXCITATION

(rp), + H=H —> (np), + H+ H + kinetic energy

(mp)ps = 7N
T

moving neutron source

MUONIC HYDROGEN

new cascade theory (ESCM)

Markushin, Jensen
new cross sections

Popov, Pomerantsev

(T[_ p)np g (TC_ p)ls + }/
T

moving X-ray source

AEXZZ'E)('

0 - PN AT AR R

PR S W AT T = P
-30 - 25 20 -15 -10 -3 0 5 10

first observed from NEUTRON - TOF

J.B. Czirr et al., Phys. Rev. 130, 341 (1963)
A. Badertscher et al., Eur. Phys. Lett. 54 (2001) 313 (status)

300
1 uH(3p-1s) Si 111
H, 1bar/22K
20 (12,5 bar)
=
S
3
~w{ 02 Ff N crystal response
ECRIT 2004

e e w0 s
energy (eV)

D. Covita, PhD thesis Coimbra (2008)
D. Covita et al., Phys. Rev. Lett.. 102 (2009) 023401,
Eur. Phys. J. D 72 (2018) 72
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EXEMPLIFICATION

16000 0
14000 - Mc MC
. Doppler broadening o Doppler broadening
narrow line (A Lorentzian

10000 ! \\:. 0 -
—— "uH(3-1) case" "7H(2-1) case"
6000 - ol

"""" resolution <weseee resolution
4000 - 3-component analysis i : 2-component Lorentz = 0 o N

— = cascade theory (PP2008) 07 5% Torentr8STmd
2000, — 2-component analysis

0 T T T 0 Y ] T T T T T
450 500 550 600 650 450 500 550 600 650

low background essential !

typical resolution (FWHM)
272 meV 390 meV
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INTERMEZZO

EXPERIMENT

How to achieve ultimate precision for the spectrometer response?
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2500

2000

1500

1000+

500+

CRYSTAL RESPONSE - NO SOLUTION

fluorescence X-rays
excited by means of X-ray tubes

Si Ko

quartz 100

rocking curve

L
\\\
K 68 2\\\\
4_T./ ; e
1739 1740

energy/eV

G
1741

problem

large natural line width
and
satellite lines

exotic-atom X-rays
from hydrogen-like systems

n
300 . L
T p°He(5-4)
| 2\
- “' ‘ quartz 100
=» 26 mb
| AE =286 + 7 meV S
—>J' “‘4_
100 ‘ | =
r \ i
1 / 5
i }W Al
0 IR T \L‘i{fl—iéu L,\'\l\'l_ vyt !
1686 ‘ 1687 ‘ 1688
energy/eV
problem
rate
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MEASURE SPECTROMETER RESPONSE new approach

ECRIS

Electron Cyclotron Resonance lon
“‘Source”

cyclotron trap + hexapole magnet

superconducting coils

. cyclotron trap

permanent hexapole

. AECR-U type

. 1 Tesla at the hexapole wall
. open structure

large mirror ratio = 4.3
B

max / Bmin !

S. Biri, L. Simons, D. Hitz et al., Rev. Sci. Instr., 71 (2000) 1116
K. Stiebing, Frankfurt — design assistance
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,ourning“argon
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SPECTROMETER RESPONSE at ~H Lyman ENERGIES

M1 transitions in He - like S <  mH(2p-1s)
Cl &  zH(3p-1s)
Ar o  wH(4p-1s)

3000 I
1
P4
f} ]
S 14+
= (1s2p) s,
2000 - 3
23S, - 118, r p [P
2 . iz \ *Py
= M1 transition i %4
= j
o i S % o
(& ]
; 33 =
1000 - Sio111 . =
E = EF
: = §§i ;‘z’ 180_ —
A Y i

I I T I I I
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
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EXTRACTION OF T,

find model for Coulomb de-excitation



Prediction from cascade theory

ESCM (extended standard cascade model) model follows development of kinetic energy

1 1

MH 12.5 bar ntH 15 bar
0,1 0,1
0,01 - ‘

0,01 -
0,001 /
\\ A/ 0,001
0,0001 !
— 2p
—3p '.““

_ n
A i
\\ \"‘// \sAJ)\ 00001 P \ A
0,00001 —— — 5
N adl W
Al . : | 0,00001 l | . L K j
150 200 250 300 350 400

A
—w k
0,000001 T n T

0 50 100 150 200 250 300 0 50 100
Tkin / eV Tan / €V

T.Jensen and V.Markushin introduction of ESCM

V.N. Pomerantsev and V.P. Popov new collision cross sections
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STRATEGY - phenomenological approach

circular Coulomb transitions maximal Doppler broadening of X-ray line

AEx max = 1,5eV uH(3p — 1s)

D N
G = )
B gH
AEX max = 3.0 eV mH(2p — 15s)
AEX max = 2.1eV mH(3p — 1s)
N R N _ AEx max = 1.5eV mH(4p — 15s)
0 © ;;5;0 g; 100 150 260 g; 2I50

Tkin / eV

neglected here: possible An=2 Coulomb transitions 2 analysis methods

1. p?fit frequentist approach
2. Bayesian method
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(counts)

ANALYSIS - uH(3p - 1s)

—— ESCM  "new” cross sections
500 ‘ = B3 o ESCM "old” cross sections [ 9:0%
| HH(3p-1s) Si 111 > ~
' % 0471] T~ 155%| . - 0.04
H, 1bar/25K 2 s |vs| T (MH)‘7>p
(12.5 bar) E 03{| © ~~|35% :Li - 0.03
= 3 |
£ 024 | - 0.02
e ; ;
c I
_Q |
S 01| L 0.01
oy
- X | : : 0
0 0 60 80 100 120
energy (eV) kihetic /energy (eV)

lculati f fi »box“fits low-Tkin: 61+2%
re-caiculation or Cross sections - medium-Tkin 25 + 3 %

— _ — model freefit | high-Tkin  14+4 %

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)

new cross sections G.Ya. Koreman, V.N. Pomerantsev and V.P. Popov, JETP. Lett. 81, 543 (2005)
V.N. Pomerantsev and V.P. Popov, Phys. Rev A 73, 040501 (2006)
V.P. Popov and V.N. Pomerantsev, arXiv:0712.3111v1[nucl-th] (2007)
V.P. Popov and V.N. Pomerantsev, Phys. Rev A 86, 052520 (2012)
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counts

80

60

ANALYSIS - zH(np -1s) Iy,

51

111

Oy=54"15"

mTH(2p-1s)

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

"oodsa | o436 2438 2440 | 2442
energy/eV
0.55 4
St 111 TH(3p-1s)
M1 @g=4315 Si 111 (nH)3p
0.45 -
150 1.2 bor T=30K H, T !
(10 bar) E 1 (10 bar)
1001 %‘ 0.003 4
g inconsister
] 4-3 —=
50 £ 00021 ‘ I'=I'(np)
2882 2884 2886 2888 = 2890 = 2892 g H
energy/eV o0011|{,
k 5 5-4 9 i
2001 @p=40732 3043 eV e p % % & y "
150 ! . Tin /o
2 alternative HE Component
100/ ‘ /
50
0" 30s T 3ok | s0;2 | 30k 3046 | 3048

energy/eV

—

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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wH(np - 1s)

phenomenological
approach

2 or 3-component model

all measurements

Iy = (085 Z505) ev

(3-1)

LH2

—V2-a =(124+3)-103m;!

1100
1000 -
2 900 - . +
E i
800
700
600
(3-1) ‘ (3-1) | (3-2)
15bar 4 bar |28 bar
previous
experiment

D. Sigg et al., Phys. Rev. Lett. 75 (1995) 3245,

H.-Ch. Schréder et al., Phys.Lett. B 469 (1999) 25;
Eur. Phys. J. C 21 (2001) 433
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PION

PRODUCTION / ABSORPTION

NN < 7NN
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nD@Ep -1s)  I'yiq

o — 173 s TC
nD  absorption z-d — nn +nny »irue“absorption ’IQ N
radiative capture N |-
P
BR well known from experiment
600
strong interaction . =(1.171 T0023 + 2%
= (1. eV
nD(3p-1s) | Si (111) 1s = Z0049) (Z400)
Syt
o T /4/7%///72 400 - 1.1 bar 27K
I 4 » 0.12 — —
3 7_ ////7£ < (10 bar) S an-—d — (6 22 t0.26) ° 10 3 71',1-1-1
/ W, 3
/ ©
// 200
/ error budget
2 .
+ 23 meV statistics
o o + 43 meV Coulomb de-excitation
0 30|50 I 30I70 I 3680 I 30|90 T ( < 10% ! )
energy/eV cascade theory
Coulomb de-excitation small!
. PhD thesis: Th. Strauch, Cologne 2009 .
1 B1s repuIS|ve Th. Strauch et al., Phys.Rev.Lett.104 (2010) 142503; V. P.Popov*and V. N. Pomerantsev,
Phys. Rev. A 95, 022506 (2017)

Eur. Phys. J. A 47 (2011) 88
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NN < NN threshold parameter a

charge symmetry

(o) >

7z”d—>nn

NN 3S,(1=0)—> 3P (1 =1)

detailed balance (T invariance)

>

O 2+d — pp

O np—>rztd

M Xx3Ja;-4 < a(p;/) - ntd) = (251 flsl) ub (";21%)

300
all exotic-atom results _ } /4

Th. Strauch,

at present

Aa /o~ 30%
— few % 1?

V. Lensky et al.,
Eur. Phys. J. A 27 (2006) 37

theoretical progress needed

PhD thesis, Cologne 2009 20 | + a
Th. Strauch et al., Q
Phys.Rev.Lett.104 (2010)142503 o +
Th. Strauch et al., 8
Eur.J.Phys.47 (2011)88 1001 - o
@ PS| 2006

] A previous atom data
Outlook experiment o production data
AT = 1% v theory

0 ;
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* MOTIVATION

« EXOTIC ATOM

« EXPERIMENTAL APPROACH

« SOME RESULTS

« SUMMARY & OUTLOOK
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CHARGED PION MASS

= reassessment of 7 > u'v, (m, ~0)

14

Am/m — 1.0pm 2.4¢0 discrepancy to zN result (2019) v’

= n~Ne (no Coulomb explosion) + double flat crystal spectrometer ?

Am/m — 0.5ppm

= Laser -induced excitation of metastable n~He states ongoing PSI proposal

Am/m — 0.1ppm
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PROTONIUM

ABoro

SEARCH for HFS

cyclotron trap + crystal spectrometer

- ==,

. Outlook

pH(3-2)

quartz 100 - 2p state:

22 mbar p ’ .
better resolution

bound states ? factor of 2 possible

J. Carbonell,

Nucl. Phys. A 692 (2001) 11

_— - —

cyclotron trap + MOS CCD

T
1738

: Jmev 1737
/) strongly attractive
/] isoscalar tensor interaction energy/eV
AE=8.68 keV ’/ Richard, Sainio, Phys. Lett. B (1982)349
/
//
i pBe

spin-spin interaction (—A)

[s] % i H
1 i
0

o
1=
S

=750

=540 400+ P

counts / 32 eV

~

=1

S
1

1CCD 13 x 8 mnt

1s state:

much higher statisctics
lower background

fast read-out CCDs

PH(2-1)

20 mbar

PH Krest

LEAR experiment PS207 /e 7 isg,?\zlsf’ HFS splitting?
M. Augsburger et al., Nucl. Phys. A 658 (1999) 149 0 7—::_:7—4,; - \“”-'f@;’-— ——————
D. Gottaet al., Nucl. Phys. A 660 (1999) 283 7 8 9 10 1" 12 - mandatory:
. . . energy/keV N _
new ,,4PT inspired“calculations >LEAR-type beams
— . L pp .
p 34He I"Zp = relative annihilation strength on best with crystal spectrometer

LEAR data not precise enough
PS175: M. Schneider et al., Z. Phys. A 338 (1991) 217

impact on PUMA proposal (n halo)
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A exp << Atheory

A exp << Atheory

N ISOSPIN SCATTERING LENGTHS a*and a-

A exp (Coulomb de-excitation) ~ 3 x A theory
T —— ] T T

6 1 average
(3-1)-and (4-1)

FTCH

92 90 88 86 84 82
_ /10_‘5]\.[1.‘-1

FIG. 2: Combined constraints in the @*—a~ plane from data on the
width and energy shift of = H. as well as the 7D energy shift.

ZPT:  J.Gasser et al.,, Phys. Rep. 456 (2008) 167
M. Hoferichter et al., Phys. Lett. B 678 (2009) 65
V. Baru et al., Phys. Lett. B 694 (2011) 473
data: ~#H-R-98.01: D. Gottaet al., Lect. Notes Phys. 745 (2008) 165
M. Hennebach et al., Eur. Phys. J. A 50 (2014) 190
2D - R-06.03 : Th. Strauch et al., Eur. Phys. J. A 47 (2011) 88

 consistency v
* g decisive constraint

e at>0!

large discrepancy between

pionic-atoms analysis

and

at=-15103M_! from lattice o—term

Hoferichter et al. , arXiv: 1602.07688v2
Crivellin et al., Phys. Rev. D 89, 054021 (2014)
Ellis et al., Phys. Rev D,065026 (2008)

- high statistics experiment
of tH(4-1) and nH(5-1) lines:

Outlook less Coulomb de-excitation

AT 3% — 1%
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PIONIC HYDROGEN STORY

= ™

shift, width / eV

almost 40 years

HYDROGEN i DEUTERIUM
8,0 . 15
8 iq °
P o - T o
6,0 -0,5 /’
| > 15
50 _ T 3
hq_: e 2006
40 S 2 -25 t= -
o o
30 2 / % -3,5
<
45
2.0 2005 1 J
1,0 + Cp— -5,5 ‘
0,0 - - - '6,5 T T T
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010

year year
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ANTIPROTONIC HYDROGEN

STORY swave

1
shift, width /ev ™

HYDROGEN HFS DEUTERIUM
no unbiased analysis
2000 2000
. -
So T
1500 ] 1500
>
(b))
S
1000 * _CEJ 1000
l* . =
1 <
So{ 381 )
500 * 500
LEAR LEAR
0 T T T 0 T T T
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
year year

still alot to do !
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DATA FROM EXPERIMENTS

collaboration measurements

p PS 175 CERN antiprotonic atoms 1984 — 1988
PS 207 CERN antiprotonic atoms 1994 - 1996
/ R-94.01 PSI x| w mass ratio 1994 — 1997
W R-97.02 PSI pion mass 1999 — 2000
R-9801 PSl pionic hydrogen 2000 - 2006

muonic hydrogen 2004

R-O603 PS| pionic deuterium 2006

Coimbra, Debrecen, loannina, FZ Julich, Leicester, MSU Moscow, Neuchatel, LKB Paris, PSI, SMI Vienna, Univ. Zlrich
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