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

A. Antognini et al., 
Science 339 (2013) 417.

the puzzle started in 2010
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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~)

electron

muon

2010 ~
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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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1) the radius is one of the basic properties of the nucleon

3) 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

4) nuclear structure : (e-scatt. for exotic nuclei at RIKEN/SCRIT)

< r2
c > = < r2

pointp > + < r2
p > +

N
Z

< r2
n > + rel . corr .

exp. theory p radius n radius
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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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Hydrogen spectroscopy
1) Garching : 2S->4P  (Science 358 (2017) 79.) 
2) Paris : 1S->3S (PRL 120 (2018) 183001.) 
3) Tronto : 2S->2P (Science 365 (2019) 1007.)

Electron scattering
1) Mainz :  PRC90 (2014) 15206. 
2) PRad@JLAB : Nature 575 (2019) 147. 

ULQ2 at Tohoku (2021 ~) 
e-p scattering at MESA

Muon scattering
MUSE@PSI (2020~) 
LowQ2-μp@COMPASS (proposal)
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ChargeRadiusSummaryEnglish

Proton Charge Radius (fm)

e-scattering 
(1950~) 

e-H 
spectroscopy 

(1990~)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

e-H (2019)  
Lamb shift 

(Tronto)

Science 365

 (2019) 1007.

Proton radius as of today
e-scattering 

PRad  
(JLAB)

Nature 575(2019)147.
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1) the radius is one of the basic properties of the nucleon

3) 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

4) nuclear structure : (e-scatt. for exotic nuclei at RIKEN/SCRIT)

< r2
c > = < r2

pointp > + < r2
p > +

N
Z

< r2
n > + rel . corr .

???
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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)

same for magnetic radius < r2
M > ≡ − 6

dGM(Q2)
dQ2

|Q2→0
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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 + ...
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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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Tohoku Univ.

Sendai

ULQ2 @ Sendai

ULQ2 collaboration 
(Ultra-Low Q2)

60 MeV e-linac 1.3 GeV synchrotron
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1.3 GeV
booster 

synchrotron

Exp. Hall 2

GeV-γ Hall

NKS II

FOREST 90 MeV e-Linac 
(injector)

GeV γ beam

60 MeV e-Linac

γ/e beam

GeV γ beam

Exp. Hall 1

e-beam

Research Center for Electron-Photon Science
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国内最大級ビームパワー ~10 kW 大学施設としては国内最大エネルギー

東北大学電子光理学研究センター
研究基盤装置：電子加速器

現状
年間延べ 1000 人以上の電子光ビームユーザー（ハドロン・原子核、RI）

全国共同利用・共同研究拠点　

研究
1.3 GeV : ハドロン物理：ダイバリオン、ハイパー核、検出器開発 
 60 MeV :  原子核物理：　陽子電荷半径 
　　　　　　RI ：核医学用有用RI を含む RI 光生成（イオンビームと相補的）

１）~ 60 MeV制動輻射ガンマ線： RI 生成 
２） ~ 1 GeV 単色ガンマ線、電子（陽電子）ビーム：ハドロン物理、検出器開発 
３）~ 60 MeV 電子散乱（世界唯一）：原子核研究 => 近い将来、共同利用に提供

全国共同利用・共同研究拠点
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1.3 GeV
booster 

synchrotron

Exp. Hall 2

GeV-γ Hall

NKS II

FOREST 90 MeV e-Linac 
(injector)

GeV γ beam

60 MeV e-Linac

γ/e beam

GeV γ beam

Exp. Hall 1

e-beam

Low energy electron beam：  Ee = 20 - 60 MeV

New setup for proton-radius measurement

the lowest-Ee ever employed for electron scattering off proton

new beam line 
new spectrometer for ULQ2 exp.

2	

New beam line + Spectrometers

Ee = 20 - 60 MeV 
Ie = 1 nA - 0.1 μA 
beam size on target ≤ 1 mm 
Δp/p ≤ 10-3

Two-Arm 
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1) GE(Q2) measurements at 0.0003 ≤ Q2 ≤ 0.008 (GeV/c)2

Exp. @ Tohoku Low-Energy Electron Linac (Ee = 20 - 60 MeV)

2) Absolute cross section measurement with 10-3 precision

3) Rosenbluth separated GE(Q2), GM(Q2)

ULQ2

Mainz (2014) 
　Ee ≥ 180 MeV 
   PRC 90 (2014) 015206.

only ~ 2%
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Goal of our experiment

GE(Q2) measurements in 0.0003 ≤ Q2 ≤ 0.008 (GeV/c)2

Our experiments

Low-energy electron scattering 

Absolute cross section measurement

Rosenbluth separation (GE(Q2), GM(Q2))

Challenges

Absolute cross section (GE(Q2)) with 10-3 accuracy
experimental challenges for measurement

theoretical challenges for interpretation 

20 ≤ Ee ≤ 60 MeV

30 ≤ θ ≤ 150°

Δp/p ~ 10-3

accelerator, instruments

Tohoku low-energy electron linac + experimental hall

new beam line + double-arm spectrometer
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For absolute cross section

CH2 Target

e+p

e+12C

Scattered electron energy (MeV)

Yi
el
ds

Ee = 60 MeV

Electron Spectrometer 

30°

150°

30°

150°

CH2target

Scattered 
electrons

Detector

e-beam

Spec. A

a new type of scattering chamber

Silicon Strip Detector (g-2/EDM)

For low-energy exp.
Electron spectrometer

Spec. B

１）e+p/C separation due to mass difference

２）12C : standard target for electron facility

３）change of CH2 ratio due to e-beam irradiation

１）Rosenbluth separation
２）elative measurement to 12C 
　　　　　absolute e+p xsection

Spec. A

monitoring C/H ratio
Spec. B
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1.3 GeV
booster 

synchrotron

Exp. Hall 2

GeV-γ Hall

NKS II

FOREST 90 MeV e-Linac 
(injector)

GeV γ beam

60 MeV e-Linac

γ/e beam

GeV γ beam

Exp. Hall 1

e-beam

new beam line  
+ new spectrometer(s)

2nd spectrometer 
in Sep. 2021
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ULQ2 beam line



2020年

9月11日

First Beam at the new beam line 
Sep. 11, 2020

“First-Beam” beer で乾杯



Momentum [MeV/c]
47 48 49 50 51

10

210

310

410

Momentum [MeV/c]
47 48 49 50 51

10

210

310

CH2(e,e’) CD2(e,e’)C

H

C

D

First observation 

of  


elastic e+p and e+d events

Nov. 17, 2020

Ee = 50 MeV,    θe = 90°



Nov. 19, 2020
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Proton Charge Radius Puzzle ??

  disagreements : not yet understood. 

  the “correct” proton radius is important. 

  further experimental and theoretical efforts.

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


