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Proton Charge Radius (fm)

Electron 
 scattering 

(1950~) 

Hydrogen  
spectroscopy 

(1990~)

C. Carlson, Prog. Part. Nucl. Phys. 82 (2015) 59.

Proton Radius Puzzle

μ-Hydrogen  
spectroscopy 

(2010~)

since 2010 ~
electron

muon
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R. Pohl et al., 
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A. Antognini et al., 
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Spectroscopy Scattering

e-

μ-

me = 0.511 MeV 
mμ = 105.6 MeV

0.8770(60)0.8758(77)

0.8409(4)

C. Carlson, Prog. Part. Nucl. Phys. 82 (2015) 59.
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Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

N BARYONSN BARYONSN BARYONSN BARYONS
(S = 0, I = 1/2)(S = 0, I = 1/2)(S = 0, I = 1/2)(S = 0, I = 1/2)

p, N+ = uud; n, N0 = udd

pppp I (JP ) = 1
2 (1

2
+)

Mass m = 1.00727646688 ± 0.00000000009 u
Mass m = 938.272081 ± 0.000006 MeV [a]
∣

∣mp − mp

∣

∣/mp < 7 × 10−10, CL = 90% [b]
∣

∣

qp
mp

∣

∣/(
qp
mp

) = 1.00000000000 ± 0.00000000007
∣

∣qp + qp

∣

∣/e < 7 × 10−10, CL = 90% [b]
∣

∣qp + qe

∣

∣/e < 1 × 10−21 [c]

Magnetic moment µ = 2.792847351 ± 0.000000009 µN

(µp + µp)
/

µp = (0.3 ± 0.8) × 10−6

Electric dipole moment d < 0.021 × 10−23 e cm
Electric polarizability α = (11.2 ± 0.4) × 10−4 fm3

Magnetic polarizability β = (2.5 ± 0.4) × 10−4 fm3 (S = 1.2)
Charge radius, µp Lamb shift = 0.84087 ± 0.00039 fm [d]

Charge radius, e p CODATA value = 0.8751 ± 0.0061 fm [d]

Magnetic radius = 0.78 ± 0.04 fm [e]

Mean life τ > 2.1 × 1029 years, CL = 90% [f ] (p → invisible mode)
Mean life τ > 1031 to 1033 years [f ] (mode dependent)

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life p

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES (1030 years) Confidence level (MeV/c)

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
N → e+π > 2000 (n), > 8200 (p) 90% 459

N → µ+π > 1000 (n), > 6600 (p) 90% 453

N → ν π > 1100 (n), > 390 (p) 90% 459

p → e+η > 4200 90% 309

p → µ+η > 1300 90% 297

n → ν η > 158 90% 310

N → e+ρ > 217 (n), > 710 (p) 90% 149

N → µ+ρ > 228 (n), > 160 (p) 90% 113

HTTP://PDG.LBL.GOV Page 1 Created: 5/30/2017 17:12

Particle Data (2017)
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1) the radius is one of the basic properties of the nucleon

4) possible new physics beyond Standard Model (??)

Lepton Universality (e <-> μ）??

2) the radius is strongly correlated to the Rydberg constant

�E = ↵ ·RRydberg + �· < r2 >

ΔE = RRydberg(
1
n2

−
1

m2
)

R∞ = 10973 731.568 539 ± 0.000 055 m−1

rp uncertainty

3) (bound) QED high precision calculations
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Relativistically proper definition

r2
p = − 6

dGE(0)
dQ2

|Q2→0

G. A. Miller  Phys. Rev. C99 (2019) 035202

Proton Charge Radius ??

F(Q2
L) = ∫ ρ( ⃗r )ei ⃗QL ⋅ ⃗rd ⃗r

QL Lab. value of  
momentum transfer

R. Hofstadter (1951)

“applies in the non-relativistic limit in which 
     ρ(r) is the static density distribution”

r2
p = ∫ r2ρ( ⃗r )d ⃗r

J. J. Kelly, Phys. Rev. C70 (2004) 068202
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Spectroscopy Scattering

e-

μ-

0.8770(60)0.8758(77)

0.8409(4)

lepton scattering
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e
e’
θ

momentum transfer
energy transfer

4 momentum transfer Q2 = q2 � !2 = 4EeEe0sin
2(✓/2)

~q = ~e� ~e0

! = e� e0

Q2 = q2 � !2 = 4 e e0sin2(✓/2)

d�

d⌦
= (

d�

d⌦
)Mott

G2
E(Q

2) + ⌧
✏G

2
M (Q2)

1 + ⌧

✏ =
1

1 + 2(1 + ⌧)tan2 ✓
2

⌧ =
Q2

4m2
p

(
d�

d⌦
)Mott =

z2↵2

4e2
cos2(✓/2)

sin4(✓/2)
/ e2

q4

Charge FF Magnetic FF
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Q2

G
E
(Q

2
)

1Proton charge radius

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0

low Q2 region as possible

low-Ee (or small θe）

Proton radius by electron scattering

Ee

Ee’

θe
proton

4-momentum transfer
Q2 = 4 EeE

0
esin

2(✓/2)

elastic cross section for e-p

Charge FF Magnetic FF

d�

d⌦
/ G2

E(Q
2) + ↵(✓) G2

M (Q2)

radius
extrapolation

↵(✓)

GE(Q2) extraction from cross section
Q2 = 4 EeE

0
esin

2(✓/2)vary θ under fixed Q2 

Rosenbluth separation

d�

d⌦

Frequent change of Ee 
（”small” accelerator） G2

E(Q
2)

G2
M (Q2)
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Mainz data (2014)
Ee = 180 - 855 MeV

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0

no “ultra-“ low Q2 data min. Ee = 180 MeV
no Rosenbluth separation no frequent change of Ee
no absolute cross section liq. H2 target + spectrometer

GE(Q
2) ⇠ 1� < r2 >

6
Q2 +

< r4 >

120
Q4 � < r6 >

5040
Q6 + ...

6 / 10
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1)no absolute GE(Q2)         (“floating”) 
2) χ2 is quite similar

Atoms 2018, 6, 2 8 of 24

Figure 5. (a) [1/3] Padé fit (solid) together with the “standard” fit having R ⇠ 0.88 fm. (b) Density
corresponding to the Padé fit.

This educational example demonstrates that it is important to examine the density implied
by the parameterized G(q). In r-space, the outrageous behavior of the Padé fit is immediately
visible (see Figure 5b), and it occurs despite the fact that the formal expression for the [1/3] Padé
parameterization (Equation (10)) looks as acceptable as other q-space parameterizations employed
in the literature. The peculiar nature of the fit results from the correlation between a1 and b1, which,
when assuming large values, can generate the behavior shown in Figure 5.

There are other examples in the literature that emphasize the importance of considering r(r) at the
same time. Bernauer et al. [63], for instance, make an inverse polynomial fit to their data (qmax ⇠ 5 fm�1).
The resulting values for R as a function of the order of the polynomial are plotted in Figure 6. The jump
of Rm at order 10 (not used for the determination of R) results from a pole of G(q), which happens to
occur close to the qmax of the data. Such a form factor with a pole corresponds to a density that shows
large-amplitude oscillations out to very large values of r [87], which of course affect R. A look at the
density would have immediately revealed the unphysical nature of the form factor fit.

Figure 6. Charge and magnetic rms-radius from the inverse polynomial fit, together with the c2 per
degree of freedom (right-hand scale) [63].

The lesson from the above examples is that it is important to check on the behavior of the density
implied by the chosen G(q). The most important corollary is that it is very dangerous to employ

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0

a toy model 
for larger radius “floating”

I. Sick,  Atoms 2018, 6, 2 

ABSOLUTE GE(Q2) 
      at lower Q2 region  !!
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Spectroscopy Scattering

e-

μ-

0.8770(60)0.8758(77)

0.8409(4)

Hydrogen spectroscopy
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R. Pohl et al., Nature 466 (2010) 213

�E2S�>2P = 209.9779(49)� 5.2262 < rp >2 +�(2S, 2P )

μ- beam

trapped to the hydrogen orbital（n ~ 14）
～1％ of μ trapped in metastable 2S（~1μS）

Laser excitation for 2S -> 2P 
　　　　     measuring the decay 2keV X-rays

PSI ( Paul Scherrer Institute)

Nμ ~ 600 /s 
Eμ = 3 - 6 keV 
beam cross section : 0.5 x 1.5 cm2 

H2 gas target  :  ~1mbar, 20cm

μ-hydrogen Spectroscopy
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Beyer et al., Science 358 (2017) 79.

Recent eH spectroscopy measurements

H. Fleubaey et al., PRL 120, (2018)183001 

1S-3S transition2S-4P transition
ParisGarching
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ChargeRadiusSummaryEnglish

Proton Charge Radius (fm)

Electron 
 scattering 

(1950~) 

Hydrogen  
spectroscopy 

(1990~)

C. Carlson, Prog. Part. Nucl. Phys. 82 (2015) 59.

Proton Radius Puzzle ??

μ-Hydrogen  
spectroscopy 

(2010~)

e-H (2017)  
2S-4P 

(Garching)

Science 358 (2017) 79.

e-H (2018)  
1S-3S 
(Paris)

Phys. Rev. Lett. 120 (2018) 183001
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On-going experimental efforts
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e-
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0.8770(60)0.8758(77)

0.8409(4)

C. Carlson, Prog. Part. Nucl. Phys. 82 (2015) 59.
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MUSE@PSI
μ± scattering off proton 
p = 115, 158 and 210 MeV/c 
θ = 20 - 100° 
Q2 = 0.002 - 0.07 (GeV/c)2

low-energy μ scattering

E.J. Downie’s talk at PRP2018@Mainz
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Courtesy of A. Gasparian

PRAD@JLAB

Ee = 1.1, 2.2 GeV 
θ ~ a few deg. 
Q2 = 0.0002 - 0.02 (GeV/c)2

No Rosenbluth separation 
        (small contribution of GM(Q2)) 
Absolute cross section 
        (relative to Moeller) 

electron scattering at low Q2
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Q2 = 0.0002 (GeV/c)2

PRad@JLAB
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ULQ2   (Ultra-Low Q2)

Q2 = 0.0003 (GeV/c)2

Tohoku Univ.
Sendai

Lowest-energy electron scattering 
Absolute cross section measurement
Rosenbluth separation (GE(Q2), GM(Q2))
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https://indico.lal.in2p3.fr/event/4686/contributions/15184/attachments 
/12579/14875/FU_workshop_2017_ProRad_at_PRAE.pdf

E = 100 GeV 
Q2 = 10-4 - 10-1 (GeV/c)2

Ee = 30-70 MeV 
θ=6-16° 

Q2 = 10-5 - 10-4 (GeV/c)2

Orsay, France COMPASS, CERN Mainz, Germany

New projects under discussion
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Proton Charge Radius (fm)

Electron 
 scattering 

(1950~) 

Hydrogen  
spectroscopy 

(1990~)

C. Carlson, Prog. Part. Nucl. Phys. 82 (2015) 59.

Recent results (including unpublished one…)

μ-Hydrogen  
spectroscopy 

(2010~)

e-H (2017)  
2S-4P 

(Garching)

Science 358 (2017) 79.

e-H (2018)  
1S-3S 
(Paris)

Phys. Rev. Lett. 120 (2018) 183001

JLAB PRad (e-scatt.) 
N. Liyanage (Hawaii2018)



PacificSpin2019@Miyazaki 
Aug.  27-30, 2019Summary

Proton Charge Radius Puzzle ??

  the reason of the disagreements is not yet understood. 

  the “correct” proton radius is important. 

  further experimental and theoretical efforts are needed.

e-scattering : PRad (JLAB), ULQ2 (Tohoku), MESA (Mainz) 
μ-scattering : MUSE (PSI), COMPASS (CERN)


