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Predicted in 1935 by Yukawa to descrlbe the strong interaction

as exchange of particle [1] > -7

Expected mass ~ 200 m,

v d U http://hyperphysics.phy-astr.gsu.edu/hbase/forces/funfor.html

Discovered by emulsion photography (P|c du Midi) in 1947 [2]

Estimated mass ~ 1.5 m,
454 N A T URE October 4, 1947 vol. 160

Charged pion

o s, MUON from *m, =139.5 MeV/c
B e AT ,,,___ the plOﬂ =254 Mg

Incoming

pion decay * lifetime=26 ns
e sonon, Tk TaACK OF THE MBSO 18 GIVES IN TR0 PANES. THE POINT OF JUNOTION BRiNe INDIOATED BY & AND AN AREOW e CcOM posed by a quark
[1] H. Yukawa, Proc. Phys. and Math. Soc. Japan 17, 48 (1935) and an antiquark

[2] C.M.G. Lattes et al., Nature 160, 453-456 and 486-492 (1947)
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4 JOLICH first mass measurements
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First controlled pion
- B¢ production at the 184"
& '™ cyclotron in Berkeley in

BEAM of 360 WEV .
’ Estimated mass:

m, =313+16 m,

T
/O

o— &/ o
Accelerated Solid target \

(0} part beam (Carbon) -n,p-p, ... O T
én +at+ a0+ L.
[1] E. Gardner and C. Lattes, Science 107, 270-271 (1948)
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First mass measurements

_fA0l1(6

» Particle trajectories analysis Barkas et al. [1-3]

ma _ Pg,.,’g&g“ or protons

142.0

\E} t

L
B Trajectories
A 7 p—ynreaction
@ Pionic atoms (abs. edge) H

\ 7 139.5 i
‘\ ‘," STACK OF PHOTOGRAPHIC PLATES ‘ ‘ ‘
L Vi ' 139,955 1955 1960 1965 1970
® s > s Year
A= :rc+ S
B fleld l"c..‘s ~ ~
o N
7 N
Y
o — Q
Proton beam Solid target B field 2
(carbon) -n,p- p, O _ -
975 +7|:++7|:0+.. T~ =-
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A JOLICH First mass measurements
« Particle trajectories analysis Barkas et al. [1-3]"** TH Traectones

A 7 p—ynreaction
@ Pionic atoms (abs. edge) H

* w 4+ p — n + ~ reaction Crowe etal. [4] 141>

141.0

S
m stopped in a hydrogen cell =hel ]
—> pionic hydrogen production g
-> nuclear absorption of the pion S 14000 -
()
139.5) } E ]
139,950 1555 1560 19‘65 1970
Year
o 130 MeV 4 8
© §
O | I
y-ray e*—e" pair
spectrometer
J-[;_ <
>0 —>
recon hydrogen
Pionic hydrogen neutron W target cell
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* Particle trajectories analysis Barkas et al. [1-3]"** ‘

L
B Trajectories
A 7 p—ynreaction
@ Pionic atoms (abs. edge) H

* w 4+ p — n + ~ reaction Crowe etal. [4] 141>

 Pionic atoms emission Stearns et al. [5] g -

= 140.5} 1 N

n- stopped in a solid target (Al, P, K) c 140N |
—> pionic atoms production & \

[}
- X-ray from atomic level de-excitation 1395 E } E §

Pionic atom 139

| | |
- 1%50 1955 1960 1965 1970

Year
30-70 keV x-ray C?
- A &
Nal detector with >0 —
K absorption edge filter
Al, P, K

Electromagnetic bound system
Strong interaction as perturbation

7 june 2016 Martino Trassinelli 6



PAUL SCHERRER INSTITUT

=]

A JULICH

FORSCHUNGSZENTRUM

First mass measurements
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 Particle trajectories analysis Barkas et al. [1-3]"** |
e w 4+ p — n + ~ reaction Crowe et al. [4]
* Pionic atoms emission Stearns et al. [5]

7 stopped in a solid target (Al, P, K)
- pionic atoms production

Pionic atom

Electromagnetic bound system
Strong interaction as perturbation

30-70 keV x-ray

Nal detector with
K absorption edge filter

)

3]

(MeV/c

Pion ma

[}
- X-ray from atomic level de-excitation 1395 E } E §

L
B Trajectories

A 7 p—ynreaction
141.5} @ Pionic atoms (abs. edge) H
| |
141.01 i
140.51 1 .
140.0

\ i

139

| | |
f%so 1955 1960 1965 1970
Year

Z = atomic number,
m =reduced mass,
o = fine structure constant.

,(Za)? [ 1 1
EX-ray :@ 9 (n?@ - n2

+0(Z*a*)
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Trajectories

7~ p—yn reaction

Pionic atoms (abs. edge)
Pionic atoms (Bragg spectr.)

« Particle trajectories analysis Barkas et al. [1-3]"** T

lof e (> i H

* w 4+ p — n + ~ reaction Croweetal. [4] 415

* Pionic atoms emission Steams etal. [5] 419 | 1
% 140.51 L ]
: : : : o
Higher pion beam intensity < 1400 |
—> Bragg spectroscopy Shafer etal. [6] _= )

139.5 E E E —> o

Pionic atom 139950 1955 1960 1965 1970
Year
Detector
30-70 keV x-ray
N =7 Opyyg The Bragg law

Electromagnetic bound system

Strong interaction as perturbation
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J_ 142.0 ‘ ‘
_ B Trajectories
139.65} N A 7 p—ynreaction
141.5 @ Pionic atoms (abs. edge)

139.60} - O Pionic atoms (Bragg spectr.)
= I oo do Lolo ~ |
L _ v 141.0}
S 139.55} 2 © S cc >
> . X . 38 £ N )

o SO - O0g S ©coc
= 'S (T o OFc © £T0 )
n 139.50 < S 8 <= 0O =g 140.5( 1
p w 50O 2 Cw
=] [%)]

£ 139.45 S e ) 82 £
S . B = @® ) ﬂ< 7] 5 1 ol
o B Trajectories o

139.40 [ ] A 7 p—ynreaction H ‘ ® o

@ Pionic atoms (abs. edge) 139.51
B QO Pionic atoms (Bragg spectr.) | E
139.35 T % Pion decay
| | I I 139 % | | |
1950 1960 1970 1980 1990 2000 1950 1955 1960 1965 1970
Year Year

New pionic atom spectroscopy and pion decay measurements
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139.5 T

139.65|- i 1 l{

139.60} - 139.570} § .
5 l E g o é O é o] é Lo | 5
9] 9]
% 139.55} T = % o
= = 139.568K § .
wn 139.50 i ” §
[7)] (7))
© ©
€ £ 1
_S 139.45} N _5 139.566H (o) 7
o H Trajectories

139.40} [ ] A 7 p—ynreaction

@ Pionic atoms (abs. edge) @ Pionic atoms (abs. edge)
139.35 Q Pionic atoms (Bragg spectr.) 135641+ Q Pionic atoms (Bragg spectr.)H
= T B Pion decay | - B Pion decay
| | I I | | I I T
1950 1960 1970 1980 1990 2000 1970 1980 1990 2000 2010 2020
Year Year

New pionic atom spectroscopy and pion decay measurements
o i Measurement of
7t atrest ;7'“_

-
. O O ‘ : Q pM (, mu)
Uy > pion mass
low boundary if no
X-ray assumptions on the

neutrino mass are made
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139.5

139.65} J. _

139.60 - 139.570H
- l E g o é O é o] é o | o
U L
% 139.55 T = % o
= = 139.568
wn 139.50 _ ” §
[7)] (7))
© ©
S £ 1
_S 139.45} 7] _5 139.566 Q 7]
o H Trajectories

139.40} [ ] A 7 p—ynreaction

@ Pionic atoms (abs. edge) @ Pionic atoms (abs. edge)
139.35| @ Pionic atoms (Bragg spectr.)| 135641+ Q Pionic atoms (Bragg spectr.)H
' T B Pion decay - B Pion decay
| | I I | | I I T
1950 1960 1970 1980 1990 2000 1970 1980 1990 2000 2010 2020
Year Year

New pionic atom spectroscopy and pion decay measurements
o i Measurement of
7t atrest ;7'“_

-
. O O ‘ : Q pM (, mu)
Uy > pion mass
low boundary if no
X-ray assumptions on the

neutrino mass are made
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Counts 139.572
] ' B. Jeckelmann et al.,
3007 "Phys. Rev. Lett. 56,
3200 | 1444 (1986) 139.570}
] ' L
3000 + %
| - = 139.568H
2800 - F o
(7))
J A ©
2600 L E
] o 139.566H
2400 &
1 @ Pionic atoms (abs. edge)
2200 '1 BElev] B 139.564}+- Q Pionic atoms (Bragg spectr.)H
1 Tos 10 15 - B Pion decay
P — " ‘ ‘ ‘ ‘ ‘
-1627800  -1627700  -1627600  -1627500 4f—-3d J'l:Mg transition 1°70 1980 199YOear 2000 2010 2020
— R[OU]
o™ §§7\
Mg solid
target /

7 june 2016 Martino Trassinelli 12
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J JULICH and atomic cascade
AN

- Capture at the radii of
+ /_ / &zﬁ outmost electrons
1 Auger decay —
& / . —Aé—OilAn_lnwwnel T % 16
| : : ‘ Mel
k . > Possibly
S ; / :/ < %lectrons from @
'*3_/ neighboring
S atoms De-excitation via
< Radiative decay Auger (electron emission) and
- Al = +1; An = max diati PR
S radiative (X-ray emission) decay
S > /
-]

T ~ E> Dominates Low Z + dilute targets >

uger - =
° V2AE + 38¢eV [1]f°r large n no electrons remaining
FAuger > FX-ray for n > 1 ] ]
3 Dominates Medium-high Z + dense targets
['X_ray 0C AE® [2] for small n > remaining electrons
[1] M. Leon et al., Phys. Rev. 127, 636 (1962)
[2] H.B. Bethe et al., Quantum Mechanics of One- and Two-Electron 13

Atoms. 1957. Springer-Verlaa.
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Pion mass measurement problems

139.572 ‘
Counts
' B. Jeckelmann et al.,
00 "Phys. Rev. Lett. 56, .
3200 - | 1444 (1986) ~ 139.570H Solution B 1
3000 - % Q
I = 139.568 i
el [€ 7 - Solution A
2600 - - § 1
: S 139.566H 0 I :
2400 - -
1 @ Pionic atoms (abs. edge)
2200'1 i 139.564H Q Pionic atoms (Bragg spectr.)H
1 - - B Pion decay
2000 ey R o ‘ ‘ ‘ ‘
-1627800 1627700  -1627<m 1encon 4f—-3d J'EMg transition 970 1980 199YOear 2000 2010 2020
b 1 | 1 I | | | I
Refilling from the - ok B
neighboring atoms - electrons -
= Two possibilities 2800 | electron 0K T
n electrons |
- § >0 —
B. Jeckelmann et al., 25 s Mg solid
Phys. Lett. B 335, ) BPP T —
326 (1994) 1627800 -1627700 -1627600 -1627500 target ¢
R [OU]
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New measurement of the pion mass
with a gaseous target [1]

n _ |
Si 220 _ 7IN(5-4)
12004 T 4.055keV
un
800
400 3
1} | .
o
0 I/’l/l T 1 T
n— . f
goool  Si 440 Cu Kex
8.048keV
6000 - I Key
i |
4000 A /
/ [
\\KOL» !/'
! \ A
2000F /Koy
] \“%gnmgﬁﬁﬂﬁ&/ ”
*\
j I T T T T T T T =T T T T t
0 20 40 €0 80 100 120 140
channels

139.572 T T ‘
139.570}1 I { §@
§ Q
> Q
= 139.568[ § §
4
= 4
S 139.566 o %
o
@ Pionic atoms (abs. edge)
139.564}+- Q Pionic atoms (Bragg spectr.)H
B Pion decay
| | I I I
Calibration from Cu 1970 1980 1990 2000 2010 2020
. Year
Ka fluorescence in a
different diffraction
order
T
>0 —

[1]1 S. Lenz et al., Phys. Lett. B 416, 50 (1998)

N, gas cell

7 june 2016
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#) 0LicH Present official value and new proposal
139.572 :
Present official value I
Average between : 139,570 f - PDG 2014 |
« Jeckelmann 1994 solution B (solid target) < A
Q ccuracy:
« Lenz1 r g i
e 998 (gaseous target) 2 139.508 I |2.5ppm
Particle Data Group. Chinese Phys. C 38, 090001 (2014) é 1
S 139.566 o =
PSI proposal R-97-02 _
@ Pionic atoms (abs. edge)
139.564}+- Q Pionic atoms (Bragg spectr.)H
NEW PRECISION DETERMINATION OF THE CHARGED PION MASS - E Pion decay
1670 19‘80 1590 ZdOO 2610 2020
Year
D. Anagnostopoulos], M. Augsburgerz, G. Borchert!, D. Chatellard2,
M. Daum3, J.-P. Eggerz. D. Gottal, P. Hauser3, P. Indelicato4, E. Jeannet2,
K. Kirch3, 0. W. B. Schult!, Th. Siems!, L. M. Simons3
 Gaseous target
- no remaining el. contamination
 Muonic Oxygen transition as calibration
—> high accuracy of the energy reference
7 june 2016 Martino Trassinelli 16
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Production at the Paul Scherrer Institut
(Villigen, Switzerland)

* Proton beam :E,, =590 MeV, 1=1.9 mA
 Graphite target

108 pions/s, E,. =110 MeV

kin

—

Accelerate proton

o— @& |::> _—©

Secondary beam of
Target (graphite) \ O Chapgljed pions

-~

. ~
nES beam line S~

7 june 2016 Martino Trassinelli 17
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DEGRADERS

 Cyclotron trap to stop the pions:
» strong magnetic field (B,,,,,=3.5 Tesla)
» plastic degraders (energy loss)

© BEAM

TARGET

 Gaseous target: T, =26 ns
* N,/O, gas mixture of 10%/90%
 Room temperature and P = 1.4 bar

G Coils

1-5% of the incoming pions are stopped
inside the target

* Production and trapping of the muons
™ — ,Uz_ _I_ Dlu, w

Formation of muonic and pionic atoms
N. of N atoms = 10 x N. of uO atoms

7 june 2016 Martino Trassinelli 18
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lJ joucH  Cyclotron trap \
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TARGET

~

-\.‘.\‘

Incoming pion beam -

i
g8 O
& .

’W ér*

it 6\@

‘@ ‘
N\ .

Scmtlllator/degrader
" N CEIN
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< JULICH  cascade with N, gaseous target
AN

N

AK—O +1;An=1

P

= 1.4 bar

target

Radiative decay
Al = +1; An = max

Nuclear absorption #= +p—>n+4
N

1 Dominates

forn > 6-7
V2AE + 38¢eV
FAuger > FX—ray for n > 1

[x_ray o< AE?

1ﬂAuger X

Dominates
forn < 6-7

Capture at the radii of
outmost electrons

m
d ~n6l><16

Ng ~ Nel
Mej

>

De-excitation via

Auger (electron emission) decay

-

Excited hydrogen-like
pionic nitrogen [1,2]

[1] R. Bacher et al., Phys. Rev. A 39, 1610 (1989)
[2] K. Kirch et al., Phys. Rev. A 59, 3375 (1999)

7 june 2016 Martino Trassinelli
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AN
i 0 7N
g
s p d f g h

T

= SImb— — — — —

_I_ B , ,’2.20 keV

[ " Radiative decay v

S Al = £1; An = max 01

_é- n:4 — :

o

3 15

©

5

g > E 204 n:3

pd .

1 Dominates

T for n > 6-7 Ea/keV -

Auger X \/QAE T 38¢eV B chgular transmorll eﬁnhanceld
Fauger > I'xtray for n>1 Dominates = n = Le=n =)
I'X _ray X AE? forn<6-7  Strong interaction effects minimized
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< JULICH 2N and uO X-ray spectroscopy

0 m-“N

Pion mass (unknown) or
muon mass (reference) s pdf gh

/ Db — — — — —
S0 S S 20 ke S

(Za)? < 1 1)

Ex ray = mc

2 2

2 ny on; 10-
+0(Z*a*)
QED calculation only 154
-20 n:
Measurement of Ey .
Es/keV Circular transition enhanced
I:> X-ray diffraction spectroscopy n,l=mn) = |n—1,0=n—1)

Strong interaction effects minimized
7 june 2016 Martino Trassinelli 22 I
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9 )0LICH 3 Johann-type spectrometer [1-4]

hc . Spherically bent crystal
E — 2d S111 @B /
— Pion beam

d = distance between
crystal planes

Cyclotron trap

Rowland circle Target

[1] H.H. Johann, Zeitschrift fur Physik 69, 185 (1931)

[2] J. Eggs et al., Zeitschrift flur angewandte Physik 20, 118 (1965)
[3] D. Gotta, Progress in Particle and Nuclear Physics 52, 133 (2004)
[4] D. Gotta et al., Spectrochim. Acta, Part B 120, 9 (2016)
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Set-up at PSI

Z

AN

Bragg |crystal
Si 220

L
=

neutrons

NN

‘é”/%/(ﬁ";@

|
s<\’\

Pion stopped in gas: few % All
others: neutron and gamma
background
1 pion makes several neutrons!!

y-ray

CYCLOTRON TRAP I

without

concrete
P/BG = 7:1

1 1 I

100 150

| v

0

Huge
background on
the CCD

24

Heavy concrete

.
with
concrete 4 ;
P/BG = 65:1
E Peak-to-
T background
increased by a
factor of 10
360I
50 100cm 1]

24
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. without

concrete
P/BG ~ 7:1 Huge
200 background on
the CCD

100

-

cyclotron trap

24

ool Heavy concrete

0 50 100 150

" “ & . 7 ’_ N Wlth
- @ : concrete G
P/BG = 65:1
Peak-to-
background
increased by a
factor of 10
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Diffraction crystal and
position sensitive detector

_ [20]1[6]

Radius of curvature: ~3 m
Diameter: 10 cm

Thickness: 290 um

Support: polished quartz lens

Produced by Zeiss (Oberkochen, Germany)

[1]1 D.S. Covita et al., Rev. Sci. Instum. 79,
033102-3 (2008)

[2] N. Nelms et al., Nucl. Instrum. Methods A
484, 419 (2002)

[3] P. Indelicato et al., Rev. Sci. Instum. 77,

043107 (2006)

pixel size 40 um x 40 um '

600 x 600 pixels per chip (i1 P~

frame transfer = 10 ms |

data processing 2.4 s

operates at — 100°C , ¢

AE=150eV @ 4 keV
Efficiency = 90% g

7 june 2016
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Data acquisition and pre-analysis

... after 5 weeks of data collection ...

6000 counts in each line
Spectrometer transmission: 5x10-8

Stability of the set-up monitored by 8 keV Cu Ko,

fluorescence line (fourth order reflection)
N Seatter plot
y

2 x 3 X-ray CCD array with frame
buffer [2,3]

X Pos'tion (pixzs)

A 4

Raw data

pixel size 40 um x 40 um
600 x 600 pixels per chip R
frame transfer = 10 ms

data processing 2.4 s 1-‘ ;

operates at — 100°C . storage area

7 june 2016

=5 s
AE = 150 .eV @ 4 keV “o’.;.’_ |mage area =, 3
Efficiency = 90% J_ . .!,é
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Data acquisition and pre-analysis

... after 5 weeks of data collection ...

6000 counts in each line

Spectrometer transmission: 5x10-8
Stability of the set-up monitored by 8 keV Cu Ko,

fluorescence line (fourth order reflection)

N Seatter plot N
y y y
Signal
pattern iviid
analysis ;
= CCD en. res.=150
eV @ 4 keV | ' |
K- Pos'tion (pixzs) (N \ v \
V 4 V 4 V 4
Raw data ...better... X ... even better!l X
28
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5g-4f transitions in N and uO

_fA0l1(6

Projection on the x-axis
(spectrometer energy
dispersion axis)

X

FORSCHUNGSZENTRUM
4001
3004
nO =N
2
[
3
O 200
25 mm
1004 H— —————————— ——t
o.ﬂn&ﬂﬂyﬁwﬂm
1 200 0 600 800 0 1200
/ ixg
(/e (run]
4001 - 400+ <
I '}’ |
o0 g =
=k
| v i
300 3 & 300
2
=
3
3 =)
200 I . 200+
1 9
e E
w5
N’
v
100 O£ 100
-
0 £ ) y - y L
4023 4025 4025 4054 4056 4058
energy / eV
7 june 2016
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-14 _
0 N w0
400 1
s p d f g h s p d f g h
300
r p.«O To-N _5_n=6 ———::—w—
o 200 n:s —_ —_—
25 mm
100 -——————— — — — — —— -10 - _
n:4 — —

1 200 0 600 800 0 1200
/ ixg

154
oo e
4001 b o 400+ <t
= =
300 Qe 300- = : :
) -204 n:3 — —
5
3 2001 g_s 200+
- SE o EB/keV
=
A — 1/ _ani :
s 4025 w025 4054 4056 4058 Muon =7 Spin p_art|C|e .
energy / &V 3 X - fine structure in uO
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#) 0LICH Lines profiles and positions
/ Lines profile contributions:
cch » Doppler broadening from
Coulomb explosion of O, Monte Carlo
and N, molecules <: simulations and
X « Rocking curve of the crystal spectrometer

400 1

3001

1O (5g - 4)
FS unresolved

counts

200 1

100 A

wO (5 - 4d)

|
400 1
|
|

300+

~n
o
o

l
A 4

FS resolved

o
o
1

4023 4025

4025 4054 4056 4058
energy / eV

Eventual position of
the satellite line

Rowland circle  ghactra modeling:

h terization [1-5
Defocussing characterization [1-5]

Possible relative intensity:
< 3x106
Obtained by hypothesis test via
Bayesian evidence calculation

Remaining electrons
contribution (satellite line)

Distance and amplitude
between parallel and fine
structure transitions

Fixed by the theory

Information on the
atomic de-excitation

Different width of the lines

[1] D.F. Anagnostopoulos et al., Nucl. Instrum. Methods B 205, 9 (2003)

[2] D.F. Anagnostopoulos et al., Nucl. Instrum. Methods A 545, 217 (2005)
[3]1 D.S. Covita, Ph.D. thesis University of Coimbra (2008)

[4] M. Theisen, Diplomarbeit thesis, University of Aachen (2013)

[5] D.E. Gotta et al., Spectrochim. Acta, Part B 120, 9 (2016)
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From the spatial diff. to the angular position diff.

Am 300
AO = —2arctan [ — &
arctarn 25D

AX

counts

200

1 200 400 600 800 1000 1200
pixel

Statistical uncertainty:

I itions: + 0.045 pixel h
Ine positions pixe EC = 2dsin®Op

Systematics uncertainty:
crystal—detector distance, Bragg law
CCD positions and pixel size [1], line modeling,
spectrometer response function [2-6],
Bragg law corrections [7], ...

[1] P. Indelicato et al., Rev. Sci. Instum. 77, 043107 (2006) [5] M. Theisen, Diplomarbeit thesis, University of Aachen (2013)
[2] D.F. Anagnostopoulos et al., Nucl. Instrum. Methods B 205, 9 (2003) [6] D.E. Gotta et al., Spectrochim. Acta, Part B 120, 9 (2016)

[3] D.F. Anagnostopoulos et al., Nucl. Instrum. Methods A 545, 217 (2005)[7] M.T., Ph.D. thesis Pierre et Marie Curie University (2005)

[4] D.S. Covita, Ph.D. thesis University of Coimbra (2008)
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From the spatial diff. to the angular position diff.
Ax
AO = —2arctan [ — 40 o
( 2D )
From the angular position diff. to trie transition energy = © ° ¢
E_~n=FE,o
a V1= 1he/(2dE,0)]2 he |
no : — = 2dsin©
cos AO® — he/@dE.o) i AO E B
where Bragg law
. Za)? 1 1
Eyo = faen (m,) = i 2) <n? B n%> + Ogen(Z7af) B
E(5g—4f nN) = 4055.397 + 0.005 eV Crystal spacing, conversion constant,

QED calculation (for uO) [1-3], ....

[1] P. Indelicato, private comunication
[2] J. Desclaux et al., Computational Approaches of Relativistic Models in Quantum Chemistry, vol. 10, Elsevier, 2003.
[3] J. P. Santos et al., Phys. Rev. A 71 (2005) 032501
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From the spatial diff. to the angular position diff.
Am 300
AO® = —2arctan | — o0 o
( 2D )
From the angular position diff. to the transition energy = = = & = ™ =
E E !
TN — ,LLO \/ hc
1—[he/(2dEL0)]% . — =2dsin®
cos AO® — he/@dE.o) i AO E B
where Bragg law
Za)? [ 1 1
EMO = fQ.ED (mu) — 77~’LMC2( a) ( 5 — 2) -+ OQ'ED (24&4)
Dirac 2 nf ’]’L2 Dirac

From the transition energy to the pion mass

Mg = f&én (ET('N) 4 QED calculation (for zN) [1], ....

Klein-Gordon
[1] M. Trassinelli et al., Phys. Rev. A 76, 012510(2007)
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The Klein-Gordon equation

1 2, 12v2 22 E(nol) N mC(Zoz)Q
—LE + eVo(r) P+ 52V2 = P - W(r) | o(r) =0 |f‘> . 2
- - 1-1/24 /T + 1727 - (Za)]

for Coulomb potential with
point-like and infinite mass nucleus

524 nN QED transition energies details (in eV) [1]

Sg-Af 5f-4d
Coulomb 4054.1180 4054.7189
Finite size 0.0000 0.0000
Self-energy —-0.0001 —-0.0003
Vacuum polarization (Uehling) 1.2485 2.9470
Vacuum polarization (Wichman-Kroll) —-0.0007 —-0.0010
Vacuum polarization (loop after loop) 0.0008 0.0038
Vacuum polarization (Killén-Sabry) 0.0116 0.0225
Relativistic recoil 0.0028 0.0028
HES shift —0.0008 —-0.0023
Total 4055.3801 4057.6914
Error +0.0011 +0.0011
Strong interaction effects: 44 neV 7 meV

[1] M. Trassinelli et al., Phys. Rev. A76, 012510(2007)
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List of systematic effects

_ [20]1[6]

type of uncertainty nO N total uncertainty
/ arcsec / arcsec / arcsec / ppb
index of refraction shift 13.22 12.94 -0.28 +20
silicon lattice constant +2
bending correction 14.01 13.71 0.30 +20
penetration depth correction -0.07 -0.07 0 +4
focal length +670
CCD alignment + 340
pixel distance +120
alignment of detector normal ) 5 - 3(())
detector height offset Total uncertainty: 1.3x10 -0
shape of target window Statistical: 0.8x106 + 100
shape of reflection SyStematiCS . _ 1 X1 0-6 + 225
individual curvature correction ) + 150
temperature correction +30
response function and Doppler broadening iigg
line pattern modelling o
fit interval +15
QED energy +350
conversion constant sc +2
4f strong interaction 45 ueV 0.003 -0.003 + 10
5g strong interaction 0.2 ueV 0.000 0.000 +0
K electron screening +0
total systematic error M
statistical error + 820
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#) J0LICH of the pion mass
139.572 S— ‘
Rk 1
r— 19 s 139.57018 + 0.00035 MeV/c?
139.570 flt 0 = = accuracy
Q
139.568] § § i
1 Our work [2]:
139.566/ o f 139.57077 = 0.00018 MeV/c?
- 1.3x10-% accuracy
139 564 [¢) P?onic atoms (Bragg spectr.)
o 1 % son decay | + No effect of eventual remaining

| | | T T _9
1970 1980 1990 2000 2010 2020 K-shell electrons (<10~)

vear « High accuracy calibration line
(0.25x10-® from theory calc.)

[1] Particle Data Group. Chinese Phys. C 38, 090001 (2014)
[2] M. Trassinelli et al., arXiv:1605.03300 (2016)
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M) JOLICH Additional results
Muonic neutrino mass ,
Pion decay measurement [1] m,, € [100,244] keV/c (90% c.l.)
p, = 29.792006 + 0.00011 MeV/c L : :
in disagreement with astrophysical
Pion mass measurement [2] boundaries (WMAP and Planck) < 6-2.3 eV
m_= 139.57077 £ 0.00018 MeV/c? and °H decay + v oscillations
139.572 Qur work [21
139.570F |
ot reaf Measurement of ) Assamagan [1]
o $ Cfpt' P, (, mM) 139.568|] § § ]
Y | - pion mass 139.566/1 s % .
low boundary if no
assumptions on the S oo —
neutrino mass are made 139564/ F piondecay |

@ This work

[1] K. Assamagan et al., Phys. Rev. D 63, 6065-6077 (1996). ‘ ‘ ‘ ‘ ‘
[2] M. Trassinelli et al., arXiv:1605.03300, (2016) 1970 1980 1998 2000 2010 2020
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Muonic neutrino mass
Pion decay measurement

p, = 29.792006 + 0.00011 MeV/c |:> m,,, € [100,244] keV/c®  (90% c.l.)

Pion mass measurement
m. = 139.57077 + 0.00018 MeV/c?

TT

400 1

Klein-Gordon equation test

Relativistic quantum mechanic equation for 3w
spin-0 particles (+ QED corrections)

AEjeon = 2.318 £ 0.007 eV

error due to the strong int. corr.

200+

wO (5f-44d)
FS resolved

AEexp =2.306 £ 0.015 eV 95% c.l. 1904 i 3
|. --._--"".' T e, WP AN .
0.4% accuracy test 4023 4025 4025 4054 4056 4058
energy / eV
Spin1/2  — Spin0

- Dirac eq. - Klein-Gordon eq,.
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Muonic neutrino mass
Pion decay measurement

p, = 29.792006 + 0.00011 MeV/c |:> m,,, € [100,244] keV/c®  (90% c.l.)

Pion mass measurement
m. = 139.57077 + 0.00018 MeV/c?

TT

Klein-Gordon equation test

Relativistic guantum mechanic equation for
spin-0 particles (+ QED corrections)

AEpeory = 2.318 £ 0.007 eV 0.4% accuracy test
error due to the strong int. corr.
AE =2.306 £ 0.015 eV 95% c.l.

exp

X-ray standard from pionic atoms [1]

Accuracy of X-ray energies limited by the pion mass:
good standard for the few keV regime [1]

__[1]1 D.F. Anagnostopoulos et al., Phys. Rev. Lett. 91, 240801 (2003).
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Conclusions
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PSI proposal R-97-02

NEW PRECISION DETERMINATION OF THE CHARGED PION MASS

D. Anagnostopoulosl, M. Augsburgerz, G. Borchert!, D. Chatellard2,
M. Daum3, J.-P. Egger2, D. Gottal, P. Hauser3, P. Indelicato4, E. Jeannet2,

K. Kirch3, 0. W. B. Schult!, Th. Siems!, L. M. Simons3

Almost 20 year long story...

New measurement of the
charged pion mass using X-ray
spectroscopy exotic atoms

m:

T

139.57077 + 0.00018 MeV/c?
1.3x10 rel. accuracy,

PDG present acc. = 2.5x10

* No remaining electron contamination

« High accuracy reference energy

139.572 I I ‘
139.570H l i gE- -
J_ L
]
139.5681 § s
139.566H (o] % s
©® Pionic atoms (Bragg spectr.)
139.564 % Pion decay 1
- @® This work
| | | I I
1970 1980 1990 2000 2010
Year

2020

M. Trassinelli et al., arXiv:1605.03300 (2016)
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