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Shrinking the proton

rCODATA
p = 0.8775(51) fm

⇓
rCREMA

p = 0.84087(39) fm

• 4% smaller
• > 10fold precision
• 7σ discrepant

[P. J. Mohr et al., Rev. Mod. Phys. 80, 633-730 (2008)]
[R. Pohl et al. (CREMA-coll.), Nature 466, 213 (2010)]
[A. Antognini et al. (CREMA-coll.), Science 339, 417 (2013)]
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About the proton radius
The proton radius rp is the

rms charge radius of the proton

which is given by the slope of the electric form factor:

r2p = −6dGE
dQ2

∣∣∣
Q2=0

(
'
∫

r2ρ(r)d3r
)

(1)

rp is therefore a parameter of the charge distribution of the proton.

Its measurement is necessary for
• understanding the proton
• testing higher order bound-state QED in hydrogen
• checking R∞

It can be measured in several ways...
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Proton radius from muonic hydrogen (µp)

mµ ≈ 200×me (2)

|ΨS |2 ∝
1
a3

0
(3)

⇒ Probability to be inside the nucleus
enhanced by 2003 ' 107!

E(2S− 2P) = 206.0336(15) meV
− 5.2275(10) meV r2

p [fm2] (4)

2S1/2

2P1/2

2P3/2

F = 0

F = 0

F = 1

F = 2

F = 1
F = 1

23 meV

8.4 meV

206 meV
50 THz
6 μm

Finite size
effect:

3.7 meV
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The Proton Radius Puzzle

[fm]
ch

Proton charge radius R

0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

H spectroscopy

scatt. Mainz

scatt. JLab

p 2010µ

p 2013µ electron avg.

σ7  

Summarizing all electronic measurements of rp (spectroscopy and
scattering), yields a 7σ discrepancy to the CREMA measurement.
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muonic deuterium

Lamb shift transition
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muonic deuterium

Lamb shift transition
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radius [fm]

2005

2010

2015

2.124 2.128 2.130

Borie (2005)

Martynenko (2011)

Our review (2016)

Borie: PRA72, 052511 (2005)
Martynenko: PRA84, 052514 (2011)

time
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two-photon exchange (TPE)

∆ELS
TPE = ∆ELS

Friar + ∆ELS
inelastic (5)

elastic (Friar moment)
µ

d

µ

d

inelastic (polarizability)
µ

d

µ

d
→ TPE: main limitation for determination of rd!
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muonic deuterium
TPE in the Lamb shift

TPE in history (huge deviations!!!)

Year Source Value [meV] Uncert.
1992 Fukushima et al. 1.24 + el.
1994 Lu and Rosenfelder 1.450+el. 0.060
1995 Leidemann and Rosenfelder 1.500+el. 0.025
2011 Pachucki 1.680 0.016
2013 Friar (ZRA) 1.941 0.019
2014 TRIUMF/Hebrew group 1.690 0.020
2015 Pachucki and Wienczek 1.717 0.020
2014 Carlson et al. 2.011 0.740

2016 our compiled theory value 1.7096 0.0200

green: modern determinations

26/05/16 J.J. Krauth 9/23



J.J. Krauth et al. / Annalsof Physics366 (2016) 168–196 181

Table3

DeuteronstructurecontributionstotheLambshift inmuonicdeuterium.ValuesareinmeV.For source4,theN3LO calculation
byHernandez et al. [58] weusetheir value from therightmost two columnsof their Tab.3 that differsmost from their ‘‘AV18’’

value. Their terms δ(1)Z1 , δ
(1)
Z3 , and δZem (Friar term) are not listed because they cancel (see text). Items with a diamond ♦ are

corrected from thepublished values, see footnotes.

limiting factors of accuracy: dipole term, subtraction term
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muonic deuterium
TPE in the Lamb shift

extract TPE from muonic data:
• 3 measured transitions, 2 fit parameters (LS, 2S HFS)
• ∆ELS = ∆EQED + ∆Efin.size(coeff × r2d) + ∆ELS

TPE
use

• rp(µp) = 0.84087(39) fm
• electronic iso-shift: r2d − r2p = 3.82007(65) fm2

→ rd(µp + iso)
insert deuteron radius in Lamb shift and extract TPE.
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muonic deuterium
TPE in the Lamb shift

TPE in history (huge deviations!!!)

Year Source Value [meV] Uncert.
1992 Fukushima et al. 1.24 + el.
1994 Lu and Rosenfelder 1.450+el. 0.060
1995 Leidemann and Rosenfelder 1.500+el. 0.025
2011 Pachucki 1.680 0.016
2013 Friar (ZRA) 1.941 0.019
2014 TRIUMF/Hebrew group 1.690 0.020
2015 Pachucki and Wienczek 1.717 0.020
2014 Carlson et al. 2.011 0.740

2016 our theory value 1.7096 0.0200
2016 our exp. value 1.7638 0.0068

green: modern determinations
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muonic deuterium
TPE in 2S HFS

• estimated by Faustov et al., PRA90, 012520 (2014):
0.2226(49) meV (3.5% of total 2S HFS)
single-sourced!!!

• using
∆EHFS = ∆EQED + ∆EZemach(coeff × rZ) + ∆EHFS

TPE
and
current deuterium theory, the Sick Zemach radius,
and the µd measurements, we get:

∆EHFS
TPE = 0.2178(74) meV

[R. Pohl et al. (CREMA-coll.), submitted]

→ Agreement in 2S HFS!
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muonic deuterium
experimental results

measured transitions:
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→ deuteron radius rd = 2.12562(78) fm!
[R. Pohl et al. (CREMA-coll.), submitted]
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muonic deuterium
the size of the deuteron

[fm] 
d

Deuteron charge radius r
2.12 2.125 2.13 2.135 2.14 2.145

dµ
p + isoµ

CODATA-2010

D spectroscopy

e-d scatt.

→ 7.5σ deviation between rd(µd) and CODATA-2010.

[R. Pohl et al. (CREMA-coll.), Measurement of the deuteron charge radius, submitted]

Attention:
• Correlation between rp and rd from CODATA
• Data of proton and deuteron can be separated

→ 2 independent discrepancies of about 3.5σ and 4.0σ!

Maybe the proton size puzzle is not a PROTON size puzzle.
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muonic helium-4
theory

• µ4He+ theory summary (Diepold et al., to be submitted)
• main sources of uncertainty: polarizability contributions

• nuclear Friar-moment, 77µeV
• inelastic nuclear polarizability contribution, 100µeV

• proton Friar-moment, 28µeV
• inelastic nucleon polarizability contribution, 97µeV
• proton-neutron subtraction term, 86µeV

• Lamb shift (without pol.) and Fine Structure, each ≤ 16µeV
• experimental uncertainty, 48µeV

Special thanks to Ji et al.!
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muonic helium-4
preliminary experimental results

measured transitions:

2P3/2
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2S1/2

Lamb shift
~1370meV
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~145meV

fin. size
~300meV
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→ 1st direct measurement of the fine structure
in a muonic system agrees with theory.

→ alpha-particle radius rα = 1.678X(5) fm!
[M. Diepold et al. (CREMA-coll.), in preparation]
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muonic helium-4
previous measurements / predictions
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Scattering This value

Zavattini Batell et al.

excluded by
Unternährer

• agrees with e − p scattering value of 1.681(4) fm
• previous Zavattini value (CERN) was disproved, > 5σ off
• radii from Zavattini and CREMA do not differ a lot:
incomplete theory cancels wrong measurement
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muonic helium-3
theory

• µ3He+ theory summary (Franke et al., in preparation)
• main sources of uncertainty: polarizability contributions

• nuclear Friar-moment, 190µeV
• inelastic nuclear polarizability contribution, 160µeV

• nucleon Friar-moment, 26µeV
• inelastic nucleon polarizability contribution, 123µeV
• TPE contributions to 2S HFS not calculated yet!

(needed for extraction of the Zemach radius)
• experimental uncertainty similar to helium-4.

Special thanks to Nevo Dinur et al.!
(first ab initio calc. of nucl. struc. in µ3He)
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muonic helium-3
very preliminary

measured transitions:
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→ helion radius rhelion = 1.9XXX(7) fm!
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helium isotope shift

]2He) [fm4(2He) - r3(2helium isotope shift  r

1 1.02 1.04 1.06 1.08 1.1

(2012)
PRL 108, 143001

et al.Cancio Pastor 

(2011)
Science 333, 196

*et al.van Rooij 
(1995)
PRL 74, 3553

**et al.Shiner 

our uncertainty (very prel.)

value from re-evaluated theory in

* Cancio Pastor et al., PRL 108, 143001 (2012)
** Pachucki et al., PRA 85, 042517 (2012)
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Current situation and outlook

• proton smaller (Pohl et al. Nature 2010, Antognini et al. Science 2013)
• deuteron smaller (Pohl et al. (CREMA), submitted)
• rα agrees with e−-scattering
• analysis of helium-3 nearly finished, theory still incomplete

• give an independent value for the helium isotope shift
• extract polarizability in 2S HFS of µ3He

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