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Proton Charge Radius Puzzle
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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~)

4 % disagreement

not yet settled 
      New experiments …

e-

μ-

Data ?  Interpretation ?

QED calculation ?

New Physics (beyond SM ?)

Higher order effects ?

many many discussions ..
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Electron Scattering（1950~）

ρ(r) or  <r2> 

mμ~ 200 me

μH-Spectroscopy（2000~）

�E = ↵ ·RRydberg + �· < r2 >

eH-Spectroscopy（1990 ~）

Proton Radius   ~ 10-15 m 
Electron Orbit   ~ 10-10 m 
Muon Orbit ~ 10-12 m

R. Hofstadter J. Friedman, H. Kendall,R. Taylor

eH spec. μH spec.electron scattering
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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) 59-77.

MUSE @PSI 
is coming …
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H-spec. ：QED calculations by several groups 
                   　　　higher order effects such as two-photon exchange …

e-scattering：re-analysis of world data 
　　　　　　　　model dependence of radius determination 
                             radiative correction, higher order effects …

New experiments

H-spec.
Toronto （Canada）、Garching （Germany） 
LKB（France）、　NIST（US）etc.

μH-spec PSI（Switzerland)、RIKEN（Zemach moment)  

e-scatt. JLAB（US）、Mainz（Germany）、Tohoku（Japan）

μ±scatt. PSI（Switzerland）

possible non identical nature of e-μ ?            Lepton universality

No serious problem yet identified
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Electron scattering group of Tohoku Univ.

1) short-lived exotic nuclei @ RIKEN-SCRIT facility 

2) proton @ Tohoku Univ. (Sendai) 

World’s first

World’s lowest Q2

World’s first electron scattering facility

charge radii and charge density distributions
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Charge density distribution 
Charte radius

Low Luminosity

H.deVries, C. deJager and C. deVries 
Atomic Data and Nuclear Data Tables 36 (987)495

（Review) T. Suda and H. Simon, Prog. Part. Nucl. Phys. 96 (2017) 1-31.

L ~ 1027 /cm2/s with only ~108 target nuclei

SCRIT ( Self-Confining RI ion Target )

target thickness used to be ~1020 /cm2/s 

d�

d⌦
=

d�Mott

d⌦
|Fc(q)|2,

Fc(q) =
�

�c(⌥r)ei⇧q⇧rd⌥r

Elastic electron scattering

⇢c(~r) =
X

p

 ⇤
p(~r) p(~r)

Short-lived Exotic Nuclei

Production-hard + Short-lived

SCRIT collaboration
RIKEN + Rikkyo U. + Tohoku U.

Nuclei targeted  
for electron scattering

（First Physics Data) K. Tsukada et al., Phys. Rev. Lett. 118(2017) 262501.
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科研費基盤S（2010-2015) 須田利美

SCRIT Electron Scattering Facility 
SCRIT (Self-Confining RI Ion Target)
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132Xe(e,e)

K. Tsukada et al.  Phys. Rev. Lett. 118 (2017) 262501

First experiment（132Xe(e,e’))

Charge Form Factor

μ X-ray

Charge Radius

using only ~108 target nuclei
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Ee Nbeam ρ・t L

Hofstadter’s era 
(1950s) 150 MeV

~ 1nA         
(~109 /s)

~1019 /cm2 ~1028 /cm2/s

JLAB 6 GeV
~100μA     
(~1014 /s)

~1022 /cm2 ~1036 /cm2/s

SCRIT 150 - 300 
MeV

~200 mA
(~1018 /s) ~ 1010 /cm2 ~1027 /cm2/s

~108 ions are trapped on e-beam (~ 1 mm2)

Luminosities

Nt ~108 /mm2 =>  1010 /cm2

Electrodes for mirror potential

ions from 
an external ion source

scattered electron

trapped ionselectron beam

The SCRIT technique reduces the required target thickness by ~10-10 !! 
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Proton Charge Radius 
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< r2 >=

Z
r2⇢(~r)d~r

RMS radius

Charge Radius and Density Distribution

= 4⇡

Z
r4 ⇢(r) dr

ρ(r)
~ exponential

0

1

2

3

4

0 0.5 1 1.5

ρ 
(fm

-3
)

r (fm)

ProtonChargeDistribution2
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< r2 >=

Z
r2⇢(~r)d~rCharge Radius

R r
r2⇢(r)d~rR1
r2⇢(r)d~r

208Pb

< r2 >1/2

Pb（5.499(1) fm)

Ratio = 98 %

R r
r2⇢(r)d~rR1
r2⇢(r)d~r

5.503±0.002 fm 
(4x10-4)

R r
r2⇢(r)d~rR1
r2⇢(r)d~r

Proton

< r2 >1/2

~ exponential

Proton（~0.8 fm)

Ratio = 98 %

0.895±0.018 fm 
(2x10-2)

Charge Radius and Density Distribution
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Charge Radius  
by 

Electron Scattering
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GE(Q
2) ⇠ 1� < r2 >1/2

6
Q2 +

< r4 >1/2

120
Q4 � ...

２）low Q2

ill problem : higher order contribution

lower Q2 as possible

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0

< r2 >=

Z
r2⇢(~r)d~r

１）high Q2: charge density ρ(r)

radius is sensitive to ρ(r) at large distance 
  ( even at r ~ 4 fm )

Electric Form FactorGE

ρ(r) 

⇢(r) ⇠ e�↵r

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

Proton charge radius by e-scattering

Under One-Photon Exchange approximation
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Elastic scattering off proton

Charge F.F. Magnetic F.F.

d�

d⌦
/ G2

E(Q
2) + ↵(✓) G2

M (Q2)

Ee

Ee’

θ

4 momentum transfer
Q2 = 4 EeE

0
esin

2(✓/2)

↵(✓)

measurements at various θ under fixed Q2

d�

d⌦

G2
E(Q

2)
G2

M (Q2)

Rosenbluth separation for GE(Q2)1

frequent change of Ee required

GE(Q2) determination for various Q2

Q2

G
E
(Q

2
)

1

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0Taylor expansion of GE(Q2)  at low Q2

GE(Q
2) ⇠ 1� < r2 >

6
Q2 +

< r4 >

120
Q4 � < r6 >

5040
Q6 + ...

２）GE(Q2) and Charge Radius2

5 / 10
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J. Bernauer et al. Phys. Rev. C90 (2014) 015206.

Mainz data
  Ee = 180- 855 MeV
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Mainz data (2014)
Ee = 180 - 855 MeV

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0

potential problems backgrounds
No very low-Q2 data high-energy electron accelerator

No Rosenbluth separation frequent Ee change : impractical

No absolute cross section spatially extended Liq-H2 target + 
spectrometer

GE(Q
2) ⇠ 1� < r2 >

6
Q2 +

< r4 >

120
Q4 � < r6 >

5040
Q6 + ...

treatments of higher-order effects 
　　　　　　　introduce large uncertainty in the radius 

（Phys. Rev. C90 (2014) 045206)

6 / 10
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Electron Scattering 
at 

Lowest-ever Momentum Transfer

Tohoku Univ.：H. Kikunaga, K. Tsukada, Y. Honda, T. Tamae. T. Mutoh, K. Takahashi, 

　　　　　　  K. Nanbu, M. Miyabe, A. Tokiyasu, K. Nanba, T. Aoyagi
　　　　　　  S. Sasaki, N. Tsukamoto
Miyazaki Univ.：　Y. Maeda

Hampton Univ. :  Michael Kohl

ULQ2 (Ultra-Low Q2) Collaboration
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Our Goal !
GE(Q2) measurements at 0.0003 ≤ Q2 ≤ 0.008 (GeV/c)2

Low energy electron beam ( 20 ≤ Ee ≤ 60 MeV)
Absolute cross section measurement
Rosenbluth separation (GE(Q2), GM(Q2) separation)

Q2 = 0.0003 (GeV/c)2

< r2 >⌘ �6
dGE(Q2)

dQ2
|Q2!0
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only ~ 2%

っっっっｚ

dNevt

d⌦
=

d�

d⌦
Ntarget Nbeam �⌦
target thickens

beam dose

spectrometer 
acceptance

Statistics :  at least > 106 for each (Ee,θ) measurements 
Target thickness 
Beam dose at various intensities 
Acceptance at various scattering angle

accuracy of ~ 10-3 
     not obvious !

Uncertainty of GE(Q2) must be controlled to be an order of ΔGE/GE ~ 10-3



Adv. Meson Lab.,  RIKEN
Aug. 3,  2016CH2 target for absolute cross section measurement

Relative measurement for  12C(e,e)12C and p(e,e)p

dNevt

d⌦
=

d�

d⌦
Ntarget Nbeam �⌦ Canceled out  

in relative measurements

dNe
12

C/d⌦

dNep/d⌦
=

d�e
12

C/d⌦

d�ep/d⌦
·
N

12
C

target

NH
targetd�ep/d⌦

d�e12C/d⌦

っっっっｚ



Adv. Meson Lab.,  RIKEN
Aug. 3,  2016

っっっっｚ

っっっっｚ

μ-Xray 
electron scattering

2)    12C(e,e)12C, p(e,e)p by kinematics

Δp/p ~ 10-3 

1) 12C : “standard” nucleus for (e,e’)

� < r212C >1/2

< r212C >1/2
⇠ 3⇥ 10�3

CH2 (e,e’) experiment

ΔE = 0.2 - 4 MeV 
  for q = 20 - 90 MeV/c

っっっっｚ

3)    no severe damage of target is expected
large cross section : d�

d⌦
/ 1/q4

Ie ~  1 nA - 1 μA
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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

spectrometer(s)

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

RI station
2	m

New beam line + Spectrometers

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

KAKENHI : Scientific Research (S)  :  T. Suda

Two-Arm Spectrometers
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Two-Arm Electron Spectrometers

mom. res.  ≤ 10-3 

mom. bite ~ 6 % 
focal plane detector  
             : “muon g-2/EDM”  SSD 
                  (T. Yamanaka’s talk)

2)  Kinematical e+C, e+p separation
Focal	plane

e-	beam

x’	軸

C

H

1)  Ion-optical properties

No tracking is possible 
( Pe’ = 20 - 60 MeV/c)

3)  Two-arm spectrometers
Spec1 : Rosenbluth separation 
Spec2 : C/H monitoring at fixed Q2

2	m

Rosenbluth separation

C/H monitor 
for fixed Q2 

(const. cross section)



FPUA @ Nagoya 
Jan. 8-9, 2018

Science  Oct. 6, 2017

Recent News from H-spectroscopy
Science  06 Oct 2017:
Vol. 358, Issue 6359, pp. 79-85
DOI: 10.1126/science.aah6677
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1) elastic e+p scattering at lowest-ever Q2 region               

2) GE(Q2) at 0.0003 ≤ Q2 ≤ 0.008 (GeV/c)2 

3) GE is extracted by the Rosenbluth separation 

4) absolute cross section measurement 

                        relative to 12C(e,e)12C  :  sys. err. ~3x10-3 

5) Ee = 20 - 60 MeV, θ = 30 - 150° 

6) constructing of new beam line, and spectrometers 

7) the experiments will start in 2019

Electron Scattering off Proton @ ELPH, Tohoku Univ.


