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A walk through exotic atoms by examples
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Laser spectroscopy of μp, μd, μ3He and μ4He
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The CREMA collaboration has 
measured ten  2S-2P transitions in 

μp, μd, μ3He and μ4He
→  nuclear charge radiiµ
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The setup
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Extracting the proton radius from 𝛍p
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Measure 2S-2P splitting 
and compare with theory

→ proton radius

�Eth
2P�2S = 206.0336(15)� 5.2275(10) r2p + 0.0332(20) [meV]

Pachucki, Borie, Eides, 
Karschenboim, Jentschura, 
Martynenko, Indelicato
Pineda…

Pachucki, Carlson, Birse, 
McGovern, Pineda, 
Gorchtein, Pascalutsa, 
Vanderhaeghen, Alarcon, 
Miller, Paz, Hill… 

talk: Pachucki

mµ ⇡ 200me

�Esize = 2⇡(Z↵)
3 r2p | nl(0)|2

= 2(Z↵)4

3n3 m3
r r2p �l0
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Proton radius puzzle
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Proton charge radius [fm]
0.82 0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

CODATA-2010

H spectroscopy

scatt. Mainz

scatt. JLab

p 2010µ

p 2013µ

d + iso 2016µ σ6.7 

e-

µp spectroscopy

p

µ-

H spectroscopy

p

e--p scattering

 H2 
e-

ɵ

Pohl et al., Nature 466, 213 (2010)
Antognini et al., Science 339, 417 (2013)
Pohl et al., Science 353, 669 (2016) talk: Krauth



Aldo Antognini PSI2016          17.10.2016

Towards resolution of the proton radius puzzle?
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Proton charge radius [fm]
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94

CODATA-2010

H/D
e-p, Mainz, 2010

e-p, JLab, 2011

dispersion 2007 

dispersion 2012

p 2010µ

p 2013µ

Lee, 2015
Sick, 2015

Griffionen, 2015

Hessels, 2015
Higinbotham, 2015

d, 2016µ

H(2S-4P) 2016

Are the dark photons of 
Maxim back to business?
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The rp puzzle has triggered many activities
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New experiments
-scattering
-spectroscopy 

Bound-state QED

Few-nucleon

Proton structure

New physics?
talk: Pospelov

talk: Pachucki
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Next generation experiments: HFS
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1S

2P

2S

2S-2P

1S-HFS

E
n
e
rg
y

• 2S-2P μp
• 2S-2P μd
• 2S-2P  μ3He, μ4He
• 1S-HFS μp
• 1S-HFS μ3He 

• From 2S-2P
   → charge radii

• From HFS
   → magnetic (Zemach) radii  

talk: Iwasaki

Vacchi et al.
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Impact: radii, polarizabilities contributions and 
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CONTENTS 13

issue further, and simply keep in mind that calculations with chiral operators depend on an
additional parameter, i.e., the momentum cutoff L defined above. For comprehensive reviews
on cEFT nuclear forces we refer to the review articles by Epelbaum et al. and by Machleidt
and Entem given in Refs. [31, 32], and Ref. [33], respectively.

Chiral many-body electromagnetic current operator

One of the great advantages of the cEFT formulation is that e.m. currents are naturally
constructed with nuclear forces in a consistent way. Gauge invariance is one among the
fundamental symmetries the theory is required to satisfy. Hence, e.m. fields are coupled to
nuclear currents which satisfy the continuity equation, order by order, with chiral potentials.
Chiral two-body currents j were first investigated within cEFT by Park, Min, and Rho in
Ref. [45] and constructed up to include one-loop corrections by using covariant perturbation
theory. In recent years, the two-body operators for both r and j have been derived within two
different implementation of time-ordered perturbation theory up to include TPE corrections.
The JLab-Pisa group [37, 46–48] used standard time-ordered perturbation theory, while the
Bochum-Bonn group [49, 50] used the method of the unitary transformation, which was
also utilized to construct the N3LO (n = 4) two-body potential developed in Refs. [94–96].
Differences between these e.m. operators have been discussed at length in Refs. [37, 46–
48, 50]. Here, we will qualitatively describe the hierarchy of the e.m. currents and charge
operators that emerges from the chiral expansion, and refer to the aforementioned references
for details and formal expressions of the operators. We point out that a proper renormalization
of the e.m. OPE operators has been carried out only within the unitary transformation
formalism (see Ref. [50]).

(a)

(b) (c)

(d)

(e) (f) (g) (h) (i)

(j) (n) (o)(m)(l)(k)

eQ

(�2)

eQ

(�1)

eQ

(0)

eQ

(1)

Figure 3. Diagrams illustrating one- and two-body chiral e.m. current operators entering at
LO (n = �2) [panel (a)], NLO (n = �1) [panels (b) and (c)], N2LO (n = 0) [panel (d)],
and N3LO (n = 1) [panels (e)–(o)]. The LO operator corresponds to the non-relativistic
IA operator of Eq. (8). The NLO seagull and pion-in-flight contributions lead to the current
operator of Eq. (10). The square in panel (d) represents the (Q/mN)2, or (v/c)2, relativistic
correction to the LO one-body current operator [or IA(RC)], whereas the solid circle in the
tree-level diagram illustrated in panel ( j) is associated with a gpN coupling of order eQ2 (see
text for explanation). The solid circle in panel (k) represent a vertex of order eQ. Notation is
as in Figure 2.

We start off with the e.m. current operator j, whose contributions are diagrammatically

e-

p

µ

p

µ

p

µ

p

)5()4()3(

µ

p

µ

p

)2()1(

•Chiral pert. th. 
•Lattice 
•Dispersion relations 
•Few-nucleon th. 
•bound-state QED 
•distribution functions 
•spin structure 
•currents 
•………

Potential

Currents

Chiral PT

Lattice

R1
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X-ray spectroscopy of high-Z muonic ions (μZ)
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p

µ-
µ-

X-raysLaser
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X-ray spectroscopy of high-Z muonic ions (μZ)
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Muonic atoms are formed 
in highly excited states n 14

Measure the X-rays
emitted during the de-excitation

p

µ-
µ-

X-raysLaser
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Huge overlap of 𝛍-wave function with nucleus 
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Finite-size effects can not be 
treated perturbatively
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High-Z muonic ions (μZ) 
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• H-like atoms 
• MeV transition energies 
• MeV finite-size effects

Complications 
• nuclear polarisability 
• nuclear excitation in final state

Measure 
• Cascade X-rays 
• with Ge detectors (0.1 keV acc.)

Extract 
• charge radii via Barrets moments 
• quadrupole moments

Knecht, 
Rapisarda

2P3/2 � 1S
2P1/2 � 1S

2P � 1S

E ' mµ

me
R1Z2

⇣
1
n2
f
� 1

n2
i

⌘
��Esize

187Re

208Pb
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Impact of μZ ions
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talk: Willmann

poster: Wauters

2P3/2 � 1S
2P1/2 � 1S

There is a renewed interest at PSI (muX collaboration)
to perform spectroscopy of μZ ions

Focus given to 
charge radii of  

radioactive nuclei:
Radium, …
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Pionic atoms

17

WWND06 La Jolla / Ken Suzuki

Introduction  Pionic atom   Deeply-Bound State  Chiral Restoration  Experiment  Result   Outlook

2

Outline

• Introduction - Exotic atom

•  Pionic atom

– π-Nucleus interaction

• Partial chiral restoration in a nuclear medium

•  Deeply-bound pionic atom

–  Analysis and Implication

• Outlook and Summary

2
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Pionic atoms

18

WWND06 La Jolla / Ken Suzuki

Introduction  Pionic atom   Deeply-Bound State  Chiral Restoration  Experiment  Result   Outlook

2

Outline

• Introduction - Exotic atom

•  Pionic atom

– π-Nucleus interaction

• Partial chiral restoration in a nuclear medium

•  Deeply-bound pionic atom

–  Analysis and Implication

• Outlook and Summary

2

Strong interaction

• energy level shifts 
• energy level broadenings

⇡� + p ! ⇡0 + n

! � + n

⇡� + d ! n+ n

! � + n+ n



Aldo Antognini PSI2016          17.10.2016

X-ray spectroscopy of light pionic atoms
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Strong interaction
πp, πd

Pion mass
πN

�1S , "1S

hadronic shift and broadening
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The setup (πp, πd, πN)
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Pion beam 

Spherically bent crystal 

Cyclotron trap 

Target 

Detector 

[1] H.H. Johann, Zeitschrift für Physik 69, 185 (1931) 
[2] J. Eggs et al., Zeitschrift für 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) 

X-ray Bragg spectroscopy with
a Johann-type spectrometer [1-4] 

Rowland circle  

23 

d = distance between 
crystal planes 

R 

λ < λ

ΘB

7 june 2016 Martino Trassinelli 

Cyclotron trap
stop pions and muons 
π:  0.5% stop at 1 bar, 300 K 
μ: 10% of π stops

Bragg spectrometer 
ECRIT used to study  
response functionCold CCD 

resolution similar to Ge(Li)
2D: structure and BG studies

Calibration

Gotta, Prog. Part. Nucl. Phys. Rep. 52, 133 (2004)
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Pion mass from πN
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Pionic atoms formation  
and atomic cascade#

Low Z + dilute targets à 
 no electrons remaining  

13 

Capture at the radii of 
outmost electrons 

De-excitation via  
Auger (electron emission) and 

radiative (X-ray emission) decay 

Medium-high Z + dense targets  
à remaining electrons 

n 

Radiative decay 

Auger decay 

Possibly 
electrons from 
neighboring 

atoms 

N
uc

le
ar

 a
bs

or
pt

io
n 

Dominates 
for large n 

[1] 

[2] 
[1] M. Leon et al., Phys. Rev. 127, 636 (1962) 
[2] H.B. Bethe et al., Quantum Mechanics of One- and Two-Electron 
Atoms, 1957, Springer-Verlag. 
 

Dominates 
for small n 

The new measurement  
of the pion mass 

37 7 june 2016 Martino Trassinelli 

 Particle data group [1]: 
139.57018 ± 0.00035 MeV/c2 

à 2.5x10-6 accuracy 

 Our work [2]: 
139.57077 ± 0.00018 MeV/c2 

à 1.3x10-6 accuracy 

[1] Particle Data Group. Chinese Phys. C 38, 090001 (2014) 
[2] M. Trassinelli et al., arXiv:1605.03300 (2016) 

•  No effect of eventual remaining 
K-shell electrons (<10-9) 

•  High accuracy calibration line 
(0.25x10-6 from theory calc.) 

E⇡N
(5g � 4f) = 4055.397(5) eV (ur = 1⇥ 10

�6
)

m⇡ = 139.57077(18) MeV/c2 (ur = 1⇥ 10

�6
)

=) m⌫µ = 183

+62
�83 keV/c2(90% C.L.) [cosmological limit 11 eV/c2]

Trassinelli et al., arXiv:1605.03300 
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Pionic hydrogen (πp, πd): the challenges
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Coulomb explosion

Doppler broadening

(⇡p)nl +H2 ! (⇡p)n0l0 +H +H + kinetic energy

Molecular formation

Additional energy shift if radiative decay of molecule

(⇡p) +H2 ! [(⇡pp) · p]ee

Folie 24 

G1s = 1171       meV � 23 
� 49 

< 10% 

no (small) high-energy components 

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

"BOX" FITS  SD 

? 
unexplained 

Line shape
• Strong interaction 
• Crystal response 
• Doppler broadening
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Impact of πp and πd measurements
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Folie 6 

 
 

electric dipole amplitude 
 

threshold pion photo production 

G1s 

PION-NUCLEON SCATTERING LENGTHS    related quantities 

  

GP 

2
NfSsSN 

E0+ 

induced pseudovector coupling 
 

muon capture 
 

pion-nucleon sigma term 
 

explicit chiral symmetry breaking 

e1s 

a� a+  

 
 

THEORETICAL FRAME WORK 
CHIRAL PERTURBATION THEORY 

GT'
    SN coupling constant 
 
    Goldberger-Treiman discrepancy 
               pion-nucleon scattering 

limit to coincide with the charged particle masses. The cen-
tral values for the s-channel isospin scattering lengths (2) have
been obtained from such a combined analysis as follows [19]:
first, we subtracted the contributions from virtual photons to
avoid the presence of photon cuts, and second, we identified
the Is = 1/2, 3/2 channels from the physical π±p amplitudes

a1/2 =
1
2
(

3aπ−p→π−p − aπ+p→π+ p
)

,

a3/2 = aπ+p→π+ p. (7)

The main motivation for this convention is that aπ−p→π−p can be
extracted directly from the πH level shift without any further
corrections, while aπ+p→π+p can be reconstructed from aπ−p→π−p
and ã+ with minimal sensitivity to a− and thus the prelimi-
nary value for the πH width. Of course, this convention has
to be reflected in the precise form of the low-energy theorem
for σπN [17, 19], with uncertainties included in the error given
in (1).
To illustrate the tension between phenomenological and lat-

tice determinations of σπN it is most convenient to revert this
change of basis by means of

a1/2 = ã+ + 2a− + ∆a1/2,
a3/2 = ã+ − a− + ∆a3/2, (8)

where

∆a1/2 = (−2.8 ± 1.3) × 10−3M−1π ,
∆a3/2 = (−2.6 ± 0.7) × 10−3M−1π . (9)

The linear relation (1) can then be recast as
(

c1/2 + c3/2
)

ã+ +
(

2c1/2 − c3/2
)

a− = C(σπN ), (10)

where the right-hand side is given by

C(σπN ) = σπN − (59.1 ± 3.1)MeV −
∑

Is

cIs
(

∆aIs − āIs
)

= σπN − (90.5 ± 3.1)MeV. (11)

The corresponding bands in the ã+–a− plane are shown in
Fig. 1. As expected due to the isoscalar nature of the σ-term,
the constraint from the lattice results is largely orthogonal to a−,
although non-linear effects in the Roy–Steiner solution gener-
ate some residual dependence on a− as well. The overall picture
reflects the core of the discrepancy between lattice and phe-
nomenology: while the three bands from the pionic-atom mea-
surements nicely overlap, the lattice σ-terms favor a consider-
ably smaller value of ã+.1 The exact significance again depends
on if and how the three lattice measurements are combined, but
in any case the fact remains that there is a disagreement with
pionic-atom phenomenology around the 3σ level.

1In this context, it is also worth stressing that changing a3/2 alone, where
most of the difference between pionic atoms and [13] resides, is not an op-
tion: in doing so, one would infer, via the Goldberger–Miyazawa–Oehme sum
rule [50] that is sensitive to the isovector combination a−, a value of the πN
coupling constant significantly too large compared to extractions from both
nucleon–nucleon [51, 52] and pion–nucleon scattering [53]; see [48].

-92 -90 -88 -86 -84 -82

-20
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−a−
[
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π

]

ã+
[

1
0
−
3
M

−
1

π

]

level shift of πH

level shift of πD width of πH

BMW

χQCD

ETMC

Figure 1: Constraints on the πN scattering lengths from pionic atoms (black:
level shift in πH, blue: width of πH ground state, red: level shift in πD)
and from lattice σ-terms (orange: BMW [20], violet: χQCD [21], brown:
ETMC [22]).

3. Lattice calculation of the πN scattering lengths

The discussion in the previous section makes it apparent that
another independent determination of the πN scattering lengths
would imply additional information on σπN that could help iso-
late the origin of the σ-term puzzle. Since a lattice calcula-
tion of aIs would proceed directly in the isospin limit, we re-
formulate the relation (1) accordingly. First, we assume that
the isospin limit would still be defined by the charged particle
masses,2 but due to the absence of electromagnetic effects the
corresponding scattering lengths as extracted from pionic atoms
become

a1/2c = a
1/2 − ∆a1/2 −

(

ã+ − a+
)

= (178.8 ± 3.8) × 10−3M−1π ,
a3/2c = a

3/2 − ∆a3/2 −
(

ã+ − a+
)

= (−77.5 ± 3.5) × 10−3M−1π , (12)

where we have used c1 = −1.07(2) GeV−1 [18] and | f1| ≤
1.4GeV−1 [36, 54]. The size of the shifts compared to (2) is
larger than one might naively expect from the chiral expansion,
but the origin of the enhanced contributions is well understood:
the bulk is generated from the term proportional to 4c1∆π/F2π,
see (6), which appears because the operator involving c1 in the
chiral Lagrangian generates a term proportional to the quark
masses and thus, by the Gell-Mann–Oakes–Renner relation, to
the neutral pion mass, which results in a large tree-level shift.
The remainder is mainly due to a particular class of loop topolo-
gies, so-called triangle diagrams, which are enhanced by a fac-
tor of π and an additional numerical factor.

2A similar analysis could be performed if the isospin limit were defined by
the neutral pion mass. In this case, one would need to take the chiral isospin-
limit expressions for the scattering lengths to adjust the pion mass from the
charged to the neutral one, analogously to a chiral extrapolation.

3

The scalar coupling of the nucleon is a key quantity in: 
• Dark matter detection [Ellis et al., PRD77 (2008)] 
• Strangeness content of nucleon  [Ericson] 
• CP violation [de Vries et al., PRC92 (2015)] 
• Nuclear thermodynamics [Holt et al., Phys. Rep. 621 (2016)] 
• Higgs-nucleon coupling 
• Lepton flavour violation in  μ-e conversion  

"⇡H1S = +7.087(9) eV

a⇡�p = 85.26(12) · 10�3m⇡�1

�⇡H
1S = 0.85(5) eV

a⇡�p = 124(3) · 10�3m⇡�1

"⇡D1S = �2.356(31) eV

Re(a⇡�d) = 25.0(3) · 10�3m⇡�1

�⇡D
1S = 1.17(4) eV

Im(a⇡�d) = 124(3) · 10�3m⇡�1

�⇡N = m
2M hN |ūu+ d̄d|Ni

Simons, Gotta

Gasser et al., Phys. Rep. 456 167 (2008)

Hofericher et al., arXiv 1602.07688 
Crivellin et. al., Phys. Rev. D 89, 054021 (2014) 

Hennebach., Eur. Rhys. J. A 50, 190 (2014) 
Strauch et al., , Eur. Rhys. J. A 47, 88 (2011)

Alarcon

Colangelo, Leutwyler, Meissner etc.
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Deeply bound pionic atoms (πSn, πPb…)

24
Kenta Itahashi, RIKEN 16

Spectroscopy of pionic atoms

Direct production 	
in (d,3He) nuclear reaction

Missing mass spectroscopy	
to measure excitation spectrum 	
in Q-value measurement

Pion bound state	
(coupled with n hole)

We are aiming at	
300 keV (FWHM) resolution.	
(prev. 400 keV)

Excitation energy	

threshold

quasi-f
ree

WWND06 La Jolla / Ken Suzuki

Introduction  Pionic atom   Deeply-Bound State  Chiral Restoration  Experiment  Result   Outlook

How to make pionic atom

• Stopped pion

– X-ray 
spectroscopy

• Nuclear reaction

– (d,3He) reaction

32

States formed from:
• stopped pions
• cascade

States formed via
reaction process

Absorption

N. Ikeno et al., PTEP(2013) 063D01 

Ken Suzuki 
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Impact of deeply-bound pionic atoms 
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Introduction 

Chiral Symmetry Breaking 
Chiral SSB characterizes Low energy QCD vacuum. 
   - Breaking pattern:  
   - Nambu-Goldstone bosons: pions 
   - Chiral condensate:          Characteristic scale of Hadrons 

How do we confirm the mechanism phenomenologically? 

Mass generation mechanism? 

¾ One of the proofs is to 
examine partial 
restoration of chiral sym. 

In medium 

4

W.Weise, 
NPA553(93)59.

Symmetry 
broken

Early Universe

LHC, RHIC

Structure of vacuum	
chiral symmetry and order parameter

u
u_ d

_
d

Chiral condensate <qq>
_

CBM

Soichiro Goda,  Kenta Itahashi 

• Pion-nucleous interaction
V
opt

= b
0

⇢+ b
1

(⇢n � ⇢p) +B
0

⇢2

• Gell-Mann-Oakes-Renner relation
f2

⇡m
2

⇡ = �2mqhqq̄i

• In-medium vs. vacuum value

hqq̄i⇢
hqq̄i0 ⇡ bfree1

b⇢1

• Partial restoration of chiral symmetry
(reduction of |hqq̄i|)

• In-medium pionic observable (m⇡, f⇡...)
are related to in-medium chiral condensate

• In-medium chiral perturbation th.
Nucleon propagator ! in-medium propagator



Aldo Antognini PSI2016          17.10.2016

Antiprotonic He (pH̄e)

26

ASACUSA collaboration
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Laser spectroscopy of antiprotonic He (pH̄e)

27

p ̄

e-

He+

Antiproton 
annihilation

pHe++

pH̄e+

Auger 
emission

Formation

Laser 
excitation

27

Masaki Hori and Anna Sótér, MPI for Quantum Optics, Germany  2016 MPQ Laserspectroscopy Seminar, 30. 06. 2016

Energy 
levels of  
p̄He+
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 Impact of pH̄e spectroscopy
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3-body, QED test  (1 x 10-9)

Electron mass  (8 x 10-10)

CPT test  (5 x 10-10)

me
mC

= me
mp

· mp

mC

CPT
= me

mp̄
· mp

mC

Theory          1 522 107 060.3(2)  MHz
Experiment   1 522 107 062(4)     MHz

δm/m

δQ/Q
Penning
Traps

pHe

⌫ ⇠ mp̄Q2
p̄

pH̄e+ transition 
frequencies:

Penning trap 
frequencies:

�mp̄

mp̄
= �2

�Qp̄

Qp̄

! ⇠ Qp̄/mp̄

talk: Blaum

talk: Smorra

Hori, et al., Nature 475, 484 (2011)

h⌫th = h⌫th(
mp̄

me
,
mp̄

mHe
,
mHe

me
, Qp̄, R1,↵)

⇡ mp̄

me
R1Z2

e↵(
1

n02 � 1

n2
)(3-body, QED,

hhhh
hadronic)
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Pionic Helium (πHe)
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p̄He: 5 x107 p̄ per pulse every 2 minutes 
πHe: 1 π per RF cycle (laser rep. rate = 80 Hz)

Timing resolution of < 1 ns !
Goal: improve pion mass to 10 ppb 
• needs a “long lived” state 
• needs low pressure

Simulations

• Three lines searched 
• One line found (2015)Hori, Soter
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From muon lifetimes to weak and strong interactions
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Peter Kammel

Nuclear Nuclear MuonMuon Capture in HydrogenCapture in Hydrogen
and its Interplay with and its Interplay with MuonMuon Atomic PhysicsAtomic Physics

GFgP

L1A

MuCap

“MuSun”
project

MuLan

GF

L1A

gp

MuLan
MuSun

MuCap

talk: Ryan
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MuLan, μ+ lifetime
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accumulating µ+'s and measuring e+'s

ls

off

on

µ+

e+

kicker

tgt

ball

µ+

e+

roughly 30 μ stops, 20 e detected per cycle

PSI DC proton beam
590 MeV, 1.7 mA

Kicker On

Fill Period

Measurement Period

time

N
um

be
r (

lo
g 

sc
al

e)

-12.5 kV

12.5 kV

Real data

MuLanMuLan ExperimentExperiment
“Early-to-late” changes 

• Instrumental shifts
Gain or threshold

Time response

• Effective acceptance
Residual polarization or precession

Pileup

• Missing events

Systematics

MuLan
1
⌧+
µ

=
G2

Fm5
µ

192⇡2 (1 +�q)

Muon lifetime ! Fermi coupling constant

⌧µ (1 ppm) ! GF (0.6 ppm)

PhysRevLett.106.079901

D. Hertzog

Knowledge of ↵ (0.2 ppb), GF (0.6 ppm), MZ (23 ppm)

! precision SM test via measurements of ✓W , MW etc.
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MuCap and MuSun goals and method
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8/9/12&

7&

MuCap Strategy 

13 

•  Precision technique 

•  Clear Interpretation 

•  Clean stops in H2 

•  Impurities < 10 ppb 

•  Protium D/H < 10 ppb 

•  Muon-On-Request 

All requirements 
simultaneously 

MuCap Strategy 

"  µp→nν rare, only 0.16% of µ→eνν#
"  neutron detection not precise enough 

Lifetime method 
 
 
 
 
 

  #

#

  ΛS = 1/τµ� - 1/τµ+#

   measure τµ  to 10ppm 
 

14 

•  Precision technique 

•  Clear Interpretation 

•  Clean stops in H2 

•  Impurities < 10 ppb 

•  Protium D/H < 10 ppb 

•  Muon-On-Request 

All requirements 
simultaneously 

⇤S =
1

⌧µ�
� 1

⌧µ+

(measure ⌧µ with 10 ppm)

(µ�p) : µ� + p ! ⌫µ + n �! ⇤S

(µ�d) : µ� + d ! ⌫µ + n+ n �! ⇤d

MuCap

MuSun

  

μ

e

8/9/12&

3&

Outline 
•  µ → e ν ν # #Strength of Weak Interaction 

 MuLan   GF#
#

•  µ + p → n + ν # #Basic QCD Symmetries 
 MuCap   gP 

 
•  µ + d → n + n + ν # #Weak few nucleon reactions 

µ + 3He → t + ν # #and astrophysics ##

#MuSun     

5 

6 

!  Historical: V-A and µ-e Universality 

!  Today: EW current key probe for 
" Understanding hadrons from  

fundamental QCD 
" Symmetries of Standard Model 
" Basic astrophysics reactions 

Muon Capture on the Proton  
!"

charged current µ- + p → νµ+ n 

Chiral Effective Theories 
Lattice Calculations 
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•  µ + p → n + ν # #Basic QCD Symmetries 
 MuCap   gP 

 
•  µ + d → n + n + ν # #Weak few nucleon reactions 

µ + 3He → t + ν # #and astrophysics ##

#MuSun     

5 

6 

!  Historical: V-A and µ-e Universality 

!  Today: EW current key probe for 
" Understanding hadrons from  

fundamental QCD 
" Symmetries of Standard Model 
" Basic astrophysics reactions 

Muon Capture on the Proton  
!"

charged current µ- + p → νµ+ n 

Chiral Effective Theories 
Lattice Calculations Method

P. Kammel
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MuCap                                       
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M = �iGFVudp
2

ū(p⌫)�↵(1� �5)u(pµ)ū(pf⌧�[V↵ �A↵])u(pi)

V↵ = gV (q
2)�↵ +

igM (q2)

2mN
�↵�q

�

A↵ = gA(q
2)�↵�5 +

gp(q2)

mµ
q↵�5

µ� + p ! ⌫µ + n �! ⇤S

8/9/12&

5&

Pseudoscalar Form Factor gP 

 

 
Foundations for 
  mass generation 
  chiral perturbation theory of QCD 
 

 

9 

History 
" PCAC 
" Spontaneous broken 

symmetries in subatomic 
physics, Nambu. Nobel 2008 

State-of-the-art 
" Precision prediction of ChPT 

"    
 

 
 

   gP  =     (8.74 ± 0.23)  –  (0.48 ± 0.02)  =   8.26 ± 0.23 
!!!!!!!!!!!!!!!!!leading!order!!!!!!one!loop!!!!!!!two+loop!<1%!
!

•  gP experimentally least known nucleon FF 

•  solid QCD prediction (2-3% level) 

•  basic test of QCD symmetries 

•  recent lattice results 

Kammel'&'Kubodera,'Annu.'Rev.'Nucl.'Part.'Sci.'
2010.60:327!

Gorringe,'Fearing,''Rev.'Mod.'Physics'76'(2004)'31!

Bernard'et'al.,''Nucl.'Part.'Phys.'28'(2002),'''R1'
!

45 years of effort to determine gP 

10 

��Radiative muon capture in hydrogen was carried out only recently with the result  
   that the derived gP was almost 50% too high.  If this result is correct, it would be  
   a sign of new physics... �� 

— Lincoln Wolfenstein (Ann.ReNucl.Part.Sci. 2003) 

OMC RMC 

µ+!+!p!→!n!+!ν!+!γ!!!!!"

Kammel&Kubodera 

Matrix element and form factors

Chiral PT

gp(q
2
) =

2mµg⇡NN(q2)F⇡

m⇡2�q2
� 1

3

ga(0)mµmNr2A

+ (one loop) + (two loop) + · · ·

⇤S = 714.9(7) s�1

! gp(q20 = �0.88m2
µ) = 8.06(55)

5

)   -1 s3 (10opλ 
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FIG. 2: Extracted values for gP as a function of the poorly
known molecular transition rate �op [12, 13, 31]. In con-
trast to earlier experiments (OMC [11], RMC [14]), MuCap
is rather insensitive to this parameter.

asymmetry [29, 30], the g
P

extracted from MuCap would
have increased to 8.34.

Figure 2 illustrates the excellent agreement with the
theoretical prediction, Eq. (2), and highlights MuCap’s
reduced sensitivity to the molecular parameter �

op

. This
answers the long-standing challenge of an unambiguous
measurement of g

P

, generated by the mutual inconsis-
tency of earlier experiments (OMC, RMC) and their
strong sensitivity to �

op

. Corroborating values for g

P

are obtained in recent analyses [32, 33] of an earlier 0.3%
measurement of muon capture on 3He [34], with uncer-
tainties limited by theory. MuCap provides the most
precise determination of g

P

in the theoretically clean µp

atom and verifies a fundamental prediction of low-energy
QCD.
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Muonium & Positronium
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e-
e+

µ+

e-

Pure leptonic systems
free of finite-size effects

Excellent platform to 
• test bound-state QED
• determine fundamental constants                                    
• tests of fundamental symmetries, BSM searches (mirror world, Mu to anti-Mu)
• anti-particles gravity (PSI-ETH project)

mµ, µµ/µp, m
+
e /m

�
e , q

+
e /q

�
e

talk: Crivelli
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Muonium, the muon mass and (g-2)μ
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Breit&Rabi&Diagram�
µ �e�

HyperFine'Structure'(HFS)'of'Muonium'Atoms'(Mu)

Breit&Rabi*diagram
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HFS Zeeman Splitting
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∝ mp /mµ
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■ Precise test of 
   bound-state QED
■ Magnetic moment 
   mass of muon

B. High Magnetic FieldA. Zero Magnetic Field
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Conclusions
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Exotic atoms

bound-state QED

strong  
interaction

weak  
interactionantiparticle

gravity 

BSM

fundamental 
symmetries

nuclear 
structure

fundamental 
constants


