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Motivation
Rydberg constant: Uncertainty in the last 80 years
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Motivation
Why measuring charge radii with muonic atoms is a good idea!

⇒ Atomic Physics: Tests of bound state QED in H-like atoms.
⇒ Nuclear Physics: Benchmark for ab initio calculations of

few-nucleon nuclei.
⇒ Since 2010: the Proton Radius Puzzle

Muonic atoms are highly sensitive to nuclear parameters
as e.g. the charge radius!

• bound system of a negative muon µ−
and a bare nucleus (p, d, he, α, ...).

• mµ ≈ 200×me

fin.size effect ∝ |ΨS |2 ∝
1
a3

0
∝ m3

l → factor: 10Mio.! (1)

There are different ways to measure charge
radii, but what is a charge radius?
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About nuclear charge radii and form factors
The nuclear charge radius rE is the

rms charge radius of a nucleus

which is hidden in the electric form factor of a nucleus and given
by its slope at zero momentum transfer:

r2
E = −6dGE

dQ2

∣∣∣
Q2=0

(
'
∫
r2ρ(r)d3r

)
(2)

rE is therefore a parameter of the charge distribution of a nucleus.

Its measurement is necessary for
• understanding nuclei
• testing higher order bound-state QED
• checking R∞

same contribution in all experiments

For small |~q|2 we can expand the form factor:

F (q2) =
∫
ei~q~xρ(~x)d3x (3)

≈
∫ (

1 + i~q~x− (~q~x)2

2 + ...

)
ρ(~x)d3x (4)

= 1− 1
6 |~q|

2〈r2〉+ 1
24 |~q|

4〈r4〉+ ... (5)

⇒ 〈r2〉 = 6∂F (q2)
∂q2

∣∣∣∣∣
q2=0

(6)
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About nuclear charge radii and form factors

[from M. A. Thomson]
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Methods to measure charge radii
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Methods to measure charge radii
Electron scattering
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[M. Vanderhaeghen, T. Walcher, arXiv:1008.4225v1 (2010)]

• measure cross sections at
multiple momentum
transfers

• extract electric and
magnetic form factors
(GE , GM ) via Rosenbluth
separation

• fit the electric form factor
data versus momentum
transfer (Q2)

• r2
p = −6 dGE

dQ2

∣∣
Q2=0

n

rscatt.Mainz
p = 0.879 (8) fm

rscatt. JLab
p = 0.875 (10) fm
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Methods to measure charge radii
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Methods to measure charge radii
Laser spectroscopy on ordinary atoms/ions (here in H)

1S

2S 2P

3S 3D
4S
8S

1S-2S

2S-8S 2S-8D
L1S = ∆EQED + ∆Efin.s. (7)

= (8172 + 1.56 r2
p) MHz (8)

E(nS) ' −R∞
n2 + L1S

n3 (9)

2 unknowns ⇒ 2 transitions

rH spec.
p = 0.8758 (77) fmNew value from MPQ 

!expected soon!
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Motivation
Why measuring charge radii with muonic atoms is a good idea!

⇒ Atomic Physics: Tests of bound state QED in H-like atoms.
⇒ Nuclear Physics: Benchmark for ab initio calculations of
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Motivation
The Lamb shift (2S→2P) is correlated with the charge radius
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• S states: non-zero probability to be inside the nucleus!
• S states: great probe for nuclear structure (rC , rM , TPE)
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Motivation
The finite size effect contributes to the Lamb shift (2S→2P)

finite size effect

2S

1S

2P

shift of S states in µp:

∆2S → 3.7meV
∆1S → 29.8meV
(2S-2P difference is ∼ 200meV)

→ ∆2S is therefore affecting the
Lamb shift!

Lamb shift transition energy in
light muonic atoms suited for
laser spectroscopy!
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Motivation
The finite size effect contributes to the Lamb shift (2S→2P)

finite size effect

2S

1S

2P

shift of S states in µ3He+:

∆2S → 0.4 eV
∆1S → 3.2 eV
(2S-2P difference is 1.3 to 1.5 eV)

→ ∆2S is therefore affecting the
Lamb shift!

Lamb shift transition energy in
light muonic atoms suited for
laser spectroscopy!
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The Proton Radius Puzzle
shrinking the proton

rCODATA
p = 0.8751(61) fm

⇓
rCREMA
p = 0.84087(39) fm

• 4% smaller
• > 10fold precision
• σ discrepant

[P. J. Mohr et al., Rev. Mod. Phys. 88, 035009 (2016)]
[R. Pohl et al. (CREMA-coll.), Nature 466, 213 (2010)]
[A. Antognini et al. (CREMA-coll.), Science 339, 417 (2013)]
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The Proton Radius Puzzle

proton charge radius [fm]
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9 0.91

σ5.6 
CODATA-2014

H spectroscopy

e-p scatt

p 2010µ

p 2013µ

ymax

Summarizing all electronic measurements of rp (spectroscopy and
scattering) from hydrogen and deuterium data, yields a 5.6σ
discrepancy to the CREMA measurement.

201
6!
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Possible solutions

Ltheo
µp (rCODATA

p )− Lexp
µp =


75 GHz
0.33 meV
0.15 %

(12)

or even new physics???
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• µp experiment wrong?
• good statistics (σ = 0.76GHz)
• linewidth ∼ 19GHz
• several methods for frequency calibration

or even new physics???
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The muonic helium measurement!
(similar to µp and µd)
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Basic principle
How can we create a muonic atom?

He
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He
He

He

He
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He He

He

He

08/05/17 J.J. Krauth 20/42



Basic principle
How can we create a muonic atom?

He

He

He
He

He

He

He

He

He
He

He

He+ He

He

He

08/05/17 J.J. Krauth 20/42



Basic principle
How can we create a muonic atom?

He

He

He
He

He

He

He

He

He
He+

He

He+ He

He

He

08/05/17 J.J. Krauth 20/42



Basic principle
How can we create a muonic atom?

He

He

He
He

He

He

µHe

He

He
He+

He

He+ He

He

He

08/05/17 J.J. Krauth 20/42



Basic principle
How can we create a muonic atom?

He

He

He
He

He

He

µHe

He

He
He+

He

He+ He

He

He

2% 98%

X-rays
(Kα,Kβ,Kγ)

2P
2S

1S

n≈12..14
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Experimental setup
Paul Scherrer Institute (PSI)
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Experimental setup
muon beamline

SOL
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MEC
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B=2THVπ-

slow μ-
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Experimental setup
zone PiE5

08/05/17 J.J. Krauth 23/42



Experimental setup
non-destructing muon detection

PM1

PM2

PM3

10 cm

S1

S2

ExB

e-

e-

μ-

He Target

multipass cavity

laser pulse

• 2 stacks of carbon foils
• pasing foils, muons lose energy and create secondary electrons
• velocity filter with: ~FL = q(~v × ~B) and ~FE = q ~E
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Experimental setup
Laser system for µ3He+ and µ4He+

Piezo Mirrors

CW Ti:Sa

Yb:YAG Disk Amp.

Fabry-Pérot

Experiment
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Yb:YAG Disk Osc.

Wavemeter
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 70 ns
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7 W
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Experimental setup
multipass cavity in µ3He+

190mm 12mm

25mm

horiz. plane vert. plane

laser pulse

μ-

α β
Rcap

Rcyl

[J. Vogelsang et al., Opt. Expr. 22, 13050 (2014)]

• cavity lifetime ∼ 110 ns → 1300 reflections
• lifetime constrained by injection hole and 50µm gaps at ’ears’
• fluence reached: ∼ 0.5 J cm−2
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Experimental setup
Detection in target
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Muonic helium-3 (µ3He+)
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Muonic helium-3 (µ3He+)
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Extracting the rms charge radius

arXiv:1705.00352, submitted to EPJD

Thanks for valuable discussions and remarks to:
S. Bacca, N. Barnea, M. Birse, E. Borie, C. E. Carlson,
M. Eides, J.L. Friar, M. Gorchtein, O. J. Hernandez, C. Ji,
S. Karshenboim, A.P. Martynenko, J. McGovern, N. Nevo
Dinur, K. Pachucki, and M. Vanderhaeghen!
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Theory of n=2 levels

The measured transition energy is theoretically predicted by

E1,2,3 = ∆ELS + ∆E2S(i) + ∆E2P(f), (13)

• the Lamb shift energy ELS (2S1/2 → 2P1/2), which contains
the finite size effect!

• the energy difference ∆E2S(i) from 2S1/2 to the initial 2S
hyperfine state

• the energy difference ∆E2P(f) from 2P1/2to the final 2P
state, given by fine- and hyperfine splitting
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Lamb shift (2S1/2 − 2P1/2)

QED

r-independent
QED

r-dependent

two-photon 
exchange

QCD

Finite size effect
largest uncertainty

+ + + ... + ... + + ...
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Table 1: All known nuclear structure-independent contributions to the Lamb shift in µ3He+. Values are in meV. Item numbers “#” in the 1st column follow the nomenclature of Refs. [1, 2], which in

turn follow the supplement of Ref. [4]. Items “#“ with a dagger † were labeled “New” in Ref. [1], but we introduced numbers in Ref. [2] for definiteness. For Borie [25] we refer to the most recent arXiv

version-7 which contains several corrections to the published paper [24] (available online 6 Dec. 2011). For Martynenko et al., numbers #1 to #29 refer to rows in Tab. I of Ref. [26]. Numbers in parentheses

refer to equations in the respective paper.

# Contribution Borie (B) Martynenko group (M) Jentschura (J) Karshenboim group (K) Our choice

[25] Krutov et al. [26] Jentschura, Wundt [31] Karshenboim et al. [34] value source Fig.

Jentschura [32] Korzinin et al. [33]

1 NR one-loop electron VP (eVP) 1641.8862 #1 1641.885 [32]

2 Rel. corr. (Breit-Pauli) (0.50934) a Tab. 1 0.5093 #7+#10 0.509344 [31](17), [32] (0.509340) [34] Tab. IV

3 Rel. one-loop eVP 1642.412 Tab. p. 4

19 Rel. RC to eVP, α(Zα)4 −0.0140 Tab. 1+6

Sum of the above 1642.3980 3+19 1642.3955 1+2 1642.3943 1+2 1642.3954 [33] Tab. I 1642.3962 ± 0.0018 avg 2

4 Two-loop eVP (Källén-Sabry) 11.4107 Tab. p. 4 11.4070 #2 11.4089 ± 0.0019 avg. 3

5 One-loop eVP in 2-Coulomb lines α2(Zα)2 1.674 Tab. 6 1.6773 #9 1.677290 [31](13) 1.6757 ± 0.0017 avg. 4

Sum of 4 and 5 13.0847 4+5 13.0843 4+5 13.0843 [33] Tab. I (13.0846)b

6+7 Third order VP 0.073(3) p. 4 0.0689 #4+#12+#11 0.073(3) [33] Tab. I 0.0710 ± 0.0036 avg.

29 Second-order eVP contribution α2(Zα)4m 0.0018 #8+#13 0.00558 [33] Tab.VIII “eVP2” 0.0037 ± 0.0019 avg

9 Light-by-light “1:3”: Wichmann-Kroll −0.01969 p. 4 −0.0197 #5 5a

10 Virtual Delbrück, “2:2” LbL
}

0.0064 #6
5b

9a† “3:1” LbL 5c

Sum: Total light-by-light scatt. −0.0134(6) p.5+Tab.6 −0.0133 9+10+9a −0.0134(6) [33] Tab. I −0.0134 ± 0.0006 K

20 µSE and µVP −10.827368 Tab. 2+6 −10.8286 #24 −10.8280 ± 0.0006 avg. 6

11 Muon SE corr. to eVP α2(Zα)4 (−0.1277) c Tab. 16 −0.0627 #28 −0.06269 [31](29) −0.06269 [33] Tab.VIII (a) −0.06269 J, K 7

12 eVP loop in self-energy α2(Zα)4 incl. in 21 −0.0299 #27 −0.02992 [33] Tab.VIII (d) incl. in 21 B 8

30 Hadronic VP loop in self-energy α2(Zα)4m −0.00040(4) [33] Tab.VIII (e) −0.00040 ± 0.00004 K 9

13 Mixed eVP + µVP 0.00200 p. 4 0.0022 #3 0.00383 [33] Tab.VIII (b) 0.0029 ± 0.0009 avg 10

31 Mixed eVP + hadronic VP 0.0024(2) [33] Tab.VIII (c) 0.0024 ± 0.0002 K 11

21 Higher-order corr. to µSE and µVP −0.033749 Tab. 2+6 −0.033749 B

Sum of 12, 30, 13, 31, and 21 −0.031749 13+21 −0.0277 12+13 −0.0241(2) 12+30+13+31 −0.0288 sum

14 Hadronic VP 0.221(11) Tab. 6 0.2170 #29 0.219 ± 0.011 avg.

17 Recoil corr. (Zα)4m3
r/M

2 (Barker-Glover) 0.12654 Tab. 6 0.1265 #21 0.12654 [31](A.3) [32](15) 0.12654 B, J

18 Recoil, finite size (0.4040(10)) d

22 Rel. RC (Zα)5 −0.55811 p.9+Tab.6 −0.5581 #22 −0.558107 [31](32) −0.558107 J

23 Rel. RC (Zα)6 0.0051 #23 0.0051 M

24 Higher order radiative recoil corr. −0.08102 p.9+Tab.6 −0.0656 #25 −0.0733 ± 0.0077 avg.

28† Rad. (only eVP) RC α(Zα)5 0.004941 0.004941 J

Sum 1644.3916 e 1644.3431 1644.3466 ± 0.0146

aDoes not contribute to the sum in Borie’s approach.
bSum of our choice of item #4 and #5, written down for comparison with the Karshenboim group.
cIn App.C of [25], incomplete. Does not contribute to the sum in Borie’s approach, see text.
dIs not included, because it is a part of the TPE, see text.
eIncluding item #18 and #r3’ yields 1644.9169meV, which is Borie’s value from Ref. [25] page 15. On that page she attributes an uncertainty of 0.6meV to that value. This number is far too large to

be correct, so we ignore it.

∆ELS
r−indep. = 1644.3466± 0.0146 meV
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Lamb shift
radius-dependent (finite size)

There are calculations from Borie, Martynenko, and Karshenboim.
The main finite size contributions are given to order (Zα)6 by

∆Efin. size =
2πZα

3
|Ψn=2(0)|2

[
〈r2〉 −

Zαmr

2
〈r3〉(2) + (Zα)2(FREL +m2

rFNREL)
]

(14)[J. L. Friar, Annals of Physics 122, 151196 (1979)]

• The second term is the Friar moment contribution.
• The last term is partly evaluated with an exp. model.

∆ELS
rad.−dep. = −103.5184(98) r2

h meV/fm2 + 0.1177(33) meV
(15)
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Lamb shift
two-photon exchange (TPE)

∆ELS
TPE = ∆ELS

Friar + ∆ELS
inelastic = 15.30(52) meV (16)

elastic (Friar moment)
µ

h
µ

h

inelastic (polarizability)
µ

h
µ

h

→ TPE: main limitation for determination of rh!

Thanks for the calculations to
• Nevo-Dinur et al., PLB 755 (2016), and
• Carlson et al., PRA 95 (2017)

for the important work.
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Lamb shift
helion rms charge radius

extract charge radius from muonic data and theory:
• 3 measured transitions, 2 fit parameters (LS, 2S HFS)
• ∆ELS = ∆EQED + ∆Efin.size(C × r2

h) + ∆ELS
TPE

This yields:
→ rh(µ3He+) = 1.97xxx(12)exp(128)theo fm Preliminary!

helion charge radius [fm]
1.82 1.84 1.86 1.88 1.9 1.92 1.94 1.96 1.98 2

Collard 1965 Dunn 1983

Retzlaff 1984
Ottermann 1985

Amroun 1994

Sick 2001

This workPRELIMINARY
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muonic helium-4 (µ4He+)
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Muonic helium-4 (µ4He+)

Prelim
inary!
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excluded by
Hauser et al.

experimental accuracy of 17 GHz
with theory we get: rα(µ4He+) = 1.68xxx(19)exp(58)theo fm
compared to 1.68100(400) fm from e-scatt..
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Charge radius difference in muonic helium

]2[fm2
α- r2

hr
1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09

Preliminary uncertainty

Cancio Pastor**

Shiner**

van Rooij*

value from re-evaluated theory in

* Patkos et al., PRA 95, 012508 (2017)
** Patkos et al., PRA 94, 052508 (2016)

’muonic’ uncertainty dominated by theory
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Muonic Summary

rp(µd) 6σ smaller than CODATA
rd(µd) 6σ smaller than CODATA

consistent with rp(µd)
rh(µ3He+), rα(µ4He+): no big discrepancy! prelim.
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rd(µd) 6σ smaller than CODATA

consistent with rp(µd)
rh(µ3He+), rα(µ4He+): no big discrepancy! prelim.

Scenario 1:

rp(H) and rd(D) wrong?
→ R∞ wrong by 7σ
→ rp(e− p) wrong

⇒
rp = 0.84087(39) fm
rd = 2.12771(22) fm (µp + iso)
∆ELS

TPE = 1.7638(68) meV (µd)
→ shift R∞ by 7σ!
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Muonic Summary

rp(µd) 6σ smaller than CODATA
rd(µd) 6σ smaller than CODATA

consistent with rp(µd)
rh(µ3He+), rα(µ4He+): no big discrepancy! prelim.

Scenario 2:

Beyond SM
µp: 0.33 meV
µd: 0.45 meV
(g − 2)µ: 3.5σ

⇒
New force carrier w/ ∼ MeV mass
– Batell et al. (2011)
→ excluded by µ4He+! (prelim.!)

– Tucker-Smith, Yavin (2011)

08/05/17 J.J. Krauth 40/42



Outlook

• proton smaller (Pohl et al. Nature 2010, Antognini et al. Science 2013)
• deuteron smaller (Pohl et al. Science 2016)

• rα and rhe agree with e−-scattering (preliminary)
• New insights into charge radius difference.
• helion ↔ triton: first of the two mirror nuclei measured.

• more experiments to come: H(2S-4P), H(2S-6P), H(2S-2P),
MUSE, He+, ISR, PRAD, µp(HFS), µ3He+(HFS) and many
more
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Thank you for your attention!
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