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About 1 second after the 
Big Bang, protons and 
neutrons were formed 

In today’s universe, 
99% visible matter are 
atomic nuclei (protons 
and neutrons).

Nuclear physics – study of structure of matter in all its forms
- Most of the mass and energy in the universe around us comes 
from nuclei and nuclear reactions.
- The nucleus is a unique form of matter in that all the forces of 
nature are present : (strong, electromagnetic, weak, gravity).



Structure of visible matter probed at major DOE facilities in the US
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The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

splits into a quark and antiquark, each of which has 

both electric and color charge. If, for example, the quark 

and anti-quark recombine after the scattering to form a 

phi-meson, which one detects in coincidence with the 

scattered electron to reveal that the nucleus has been 

left intact, one can infer the spatial distribution of gluons 

in the nucleus—unprecedented information extending 

the work of Friedman, Kendall, and Taylor to a new layer 

of internal structure.

At su!ciently low momentum fraction, the density of 

gluons inside a nucleus must saturate, as in frame (e), in 

order to avoid violating fundamental physical principles. 

This can occur because at high density the probability 

for two gluons to recombine into one counterbalances 

the probability for one gluon to split into two. Before 

saturation is reached, an electron encountering a 

nucleus moving toward it near light speed sees a 

relativistically contracted object as in frame (d), with 

much higher gluon density than it would if colliding 

with a single proton. In fact, to attain comparable gluon 

densities, one would have to study electron-proton 

collisions at energies two orders of magnitude higher 

than in electron collisions with heavy nuclei. This is why 

the ion beams are so important in the EIC. They provide 

early access, allowing us to image nuclei as strongly 

correlated gluon systems with universal properties. This 

picture of nuclei—indeed, of all hadrons—determines 

their interactions at very high energies, whether in a 

terrestrial collider facility such as RHIC or LHC or in the 

highest energy radiation from cosmic sources. It is the 

ultimate picture of nuclei at their deepest level.

Schematic illustration of the evolving landscape in a nucleus as we alter the resolving power and energy of the electron scattering process used to probe it.



QCD: still unsolved in non-perturbative region

• 2004 Nobel prize for ``asymptotic freedom’’
• non-perturbative regime QCD ?????
• One of the top 10 challenges for physics!
• QCD: Important for discovering new physics beyond SM
• Nucleon structure is one of  the most active areas  

Gauge bosons: gluons (8)
• Charge and magnetism (current) distribution
• Spin and mass decomposition   
• Quark momentum and 
       flavor distribution
• Polarizabilities
• Strangeness, charm content
• Three-dimensional structure
• more

Credit: D. Leinweber



Lepton scattering: powerful microscope!
Clean probe of hadron structure; electron point-like particle, electron  

vertex is well-known from quantum electrodynamics; One-photon 
exchange dominates, higher-order exchange diagrams are 
suppressed (two-photon physics)

One can vary the wave-length of the probe to view deeper 
inside the hadron
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1960:  Elastic e-p scattering

Nobel Prize 
In Physics 1961

Robert Hofstadter

"for … and for his thereby achieved 
discoveries concerning the structure of the 
nucleons"
Form factors ! Charge distributions

Otto Stern

Nobel Prize 
In Physics 1943

"for … and for his discovery of the magnetic 
moment of the proton".

1933:  Proton’s magnetic moment

g 6= 2

1969:  Deep inelastic e-p scattering

Nobel Prize in Physics 1990
Jerome I. Friedman, Henry W. Kendall, Richard E. Taylor

"for their pioneering investigations concerning deep 
inelastic scattering of electrons on protons …".       

 
  slide credit: Jian-Wei Qiu

1974: QCD Asymptotic Freedom

Nobel Prize in Physics 2004
David J. Gross, H. David Politzer, Frank Wilczek

"for the discovery of asymptotic freedom in 
the theory of the strong interaction".

What is inside the proton/neutron?
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Proton Charge Radius and the Puzzle 
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• Proton charge radius:
1. A fundamental quantity for proton
2. Important for understanding how QCD works
3. An important physics input to the bound state 
      QED calculation, affects muonic H Lamb shift 
(2S1/2 – 2P1/2) by as much as 2%, and critical in 
determining the Rydberg constant

• Methods to measure the proton charge radius:
1.  Hydrogen spectroscopy (atomic physics)

Ø Ordinary hydrogen
Ø Muonic hydrogen

2. Lepton-proton elastic scattering (nuclear physics)
Ø ep elastic scattering (like PRad)
Ø 𝛍p elastic scattering (like MUSE, 

COMPASS++/AMBER) 

Ø Important point: the proton radius measured in lepton 
scattering is defined in the same way as in atomic 
spectroscopy (G.A. Miller, 2019)

< r2 > = −6 dG(q
2 )

dq2
|
q2=0

The proton radius puzzle

 [fm]
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Proton charge radius R
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

CODATA-2014

H spectroscopy

e-p scatt.

p 2010µ

p 2013µ

σ5.6 

The proton rms charge radius measured with

electrons: 0.8751 ± 0.0061 fm

muons: 0.8409 ± 0.0004 fm

RP, Gilman, Miller, Pachucki, Annu. Rev. Nucl. Part. Sci. 63, 175 (2013).

Randolf Pohl JLab / W&M, Jan. 20, 2017 3



Electron-proton elastic scattering
• Unpolarized elastic e-p cross section (Rosenbluth separation)

• Recoil proton polarization measurement (pol beam only)

• Asymmetry (super-ratio) measurement 
(pol beam and pol target)

GE and GM

One-photon-exchange

C. Crawford et al. PRL98, 052301 (2007)
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Hydrogen Spectroscopy

The absolute frequency of H energy levels has been measured with an accuracy of 1.4 
part in 1014 via comparison with an atomic cesium fountain clock as a primary 
frequency standard.
Yields Rydberg constant R∞  (one of the most precisely known constants)

Comparing measurements to QED calculations that include corrections for the finite 
size of the proton can provide very precise value of the rms proton charge radius 
Proton charge radius effect on the muonic hydrogen Lamb shift is 2%

9



Muonic hydrogen Lamb shift at PSI (2010, 2013)

2010 value is rp = 0.84184(67) fm
 

10rp = 0.84087(39) fm, A. Antognini et al., Science 339, 417 (2013) 



Electron-proton Scattering – Mainz A1 experiment

– Large amount of overlapping data sets
– Cross section measurement
– Statistical error  ≤ 0.2%
– Luminosity monitoring with spectrometer
§ Q2 = 0.004 – 1.0 (GeV/c)2 
result: rp =0.879(5)stat(4)sys(2)mod(4)group

(J. Bernauer)

J. Bernauer, PRL 105, 242001 (2010) 5-7σ  higher than muonic hydrogen result !

Measurements @ Mainz



JLab Recoil Proton Polarization Experiment

Ee: 1.192GeV
Pb: ~83%

BigBite

• Δp/p0: ± 4.5% ,
• out-of-plane: ± 60 mrad
• in-plane: ± 30 mrad
• ΔΩ: 6.7msr
• QQDQ
• Dipole bending angle 45o

• VDC+FPP 
• Pp : 0.55 ~ 0.93 GeV/c

LHRS

• Non-focusing Dipole 
•Big acceptance. 

•Δp: 200-900MeV
• ΔΩ: 96msr

• PS + Scint. + SH
12X. Zhan et al. Phys. Lett. B 705 (2011) 59-64

§ Q2 = 0.3 – 0.7 (GeV/c)2

§ rp =0.875±𝟎. 𝟎𝟏𝟎	 𝐟𝐦
 (global analysis not including
Mainz A1)



The situation on the Proton Charge Radius in 2013 

This proton charge radius puzzle triggered intensive experimental and 
theoretical efforts worldwide in the last decade or so

13



How to resolve the puzzle? - Incomplete list  
• Revisit of the state-of-the-art QED calculations: E. Borie (2005), Jentschura (2011), 

Hagelstein and Pascalutsa (2015),..
• Contributions to the muonic H Lamb shift: Carlson and Vanderhaeghen,; Jentschura, 

Borie, Carroll et al, Hill and Paz, Birse and McGovern, G.A. Miller, J.M. Alarcon, 
Ji, Peset and Pineda….  

• Higher moments of the charge distribution and Zemach radii, Distler, Bernauer and 
Walcher (2011), de Rujula (2010, 2011), Cloet and Miller (2011),…

• Extrapolation in electron scattering: Higinbotham et al. (2016), Griffioen, Carlson 
and Maddox (2016)

• Reanalysis of ep elastic data:  Distler, Walcher, and Bernauer (2015), Arrington 
(2015), Horbatsch and Hessels (2015), T. Hayward, K. Griffioen (2018),…..

• Discrepancy explained/somewhat explained by some authors, but not all agree: 
Lorenz et al., Ronson, Donnelly et al.

• Consistency re radius defined in ep and atomic experiments: Miller
• New physics: new particles, Barger et al.,  Carlson and Rislow; Liu and Miller, 

Alvarado, Aranda and Bonilla….New PV muonic force, Batell et al.; Carlson and 
Freid; Extra dimension: Dahia and Lemos; Quantum gravity at the Fermi scale R. 
Onofrio,

• Exps: Mainz, JLab (PRad), MUSE at PSI, Japan, Amber@CERN; 
    H spectroscopy (Germany, France, Canada), … 14
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linear in w and of amplitude a, accounts for the
resonance of interest sitting on the far-reaching
Lorentzian tail of the perturbing resonance. The
dispersive-shaped third term stems from the non-
Lorentzian cross term and accounts for the quan-
tum interference between the resonances, with
the dependence of the cross term on the detec-
tion geometry now absorbed in the amplitude b.
For a typical fluorescence-detection geometry,
the line shifts caused by the coherent third
termmay be much larger than the ones caused
by the incoherent second term.
The emergence of asymmetric line shapes be-

cause of interference between a resonant and a
nonresonant process is perhaps best known
from Fano resonances (30), where a background
and a resonant scattering process interfere. It
should not then be surprising that Eq. 3 is very
similar to the line shape of Fano resonances.
Neglecting the influence of the perturbing

resonance and thus the quantum interference
between the resonances, e.g., by a fit of the spec-
trum Pðw; r→Þ with a single Lorentzian, leads to
apparent shifts of the determined line center of
approximately (28)

Dw ¼ bG2

4C
þ aG4

8C
≈% D

→

0 & D
→

1

2D2
0

G2

D

þ O G4

D3

! "
ð4Þ

Typical values of G2/D are on the order of 10–2 G
for the transitions listed for H in Fig. 1. This is
one order of magnitude larger than the proton
radius discrepancy, which amounts to about 10–3

G or less for all individual 2S-nl measurements
in Fig. 1. However, these measurements do not
detect the emitted radiation (but rather the
surviving 2S population), which diminishes the
effect of quantum interference drastically at
the cost of a reduced signal-to-noise ratio. The
second term in Eq. 4, which stems from the term
proportional to a in Eq. 3, is much smaller (on
the order of 10–6 G) and may be safely ignored at
this point. Importantly, the shift changes sign
when exchanging D

→

0 and D
→

1 and replacing D
with –D, i.e., the two resonances always shift in
opposite directions. Thus, by combining mea-
surements of both resonances with appropriate
weights, the shift may be drastically reduced or
even canceled, a fact we will make use of below.

Atomic line shape model

For the 2S-4P transition in H, the role of the
mutually perturbing resonances is played by the
two dipole-allowed transitions to the fine struc-
ture components of the excited state, 2S-4P1/2
and 2S-4P3/2 (Fig. 2). Somewhat analogous to
Young’s double-slit experiment, the atom can
coherently evolve from the initial 2S state, through
any of the two 4P fine structure components, be-
fore finally reaching the 1S ground state. Given
the separation between the two components, D =
106 × G, and the natural line width, G = 2p ×
12.9 MHz, Eq. 4 predicts apparent, geometry-
dependent line shifts of up to ~120 kHz. With
our large solid angle detectors, the maximum

shift is reduced to 45 kHz, corresponding to five
times the proton radius discrepancy.
One way to model this shift is to perform elab-

orate simulations of the entire experiment by
numerical integration of the optical Bloch equa-
tions (OBE), including all relevant intermediate
states and, importantly, the often-neglected cross-
damping terms between them leading to quan-
tum interference (18, 20, 22–26). The results of
this simulation then have to be evaluated for the
experimental geometry, a requirement that may
be difficult to meet with sufficient accuracy. For
the 2S→{4P1/2, 4P3/2}→1S excitation spectrum
considered here, this simulation consists of a
total number of 2707 coupled, complex-valued
ordinary differential equations. We have per-
formed such anOBE simulation of the experiment
using high-performance computation resources
provided by the Max Planck Computing and

Data Facility. By taking into account our exper-
imental geometry with a sophisticated model,
including particle tracing of the detected photo-
electrons, the simulation is able to explain the
measured data very well (see dashed line in Fig. 4,
A and B). However, it is challenging to reliably
estimate the uncertainty of the modeling of the
detection geometry that dominates the simula-
tion uncertainty.
Realizing that the natural line shape of the

2S→{4P1/2, 4P3/2}→1S excitation spectrum can
also be parametrized according to Eq. 3, a much
simpler data analysis is possible. This only re-
quires one additional free parameter, b/C, which
encodes the experimental geometry (we have
dropped the negligible term proportional to a).
For sufficiently low excitation rates such as in
this experiment, the influence of quantum inter-
ference will then lead to a nonzero b/C, but the

Beyer et al., Science 358, 79–85 (2017) 6 October 2017 3 of 7

Fig. 2. Hydro-
gen 2S-4P
spectroscopy.
(A) Relevant
energy levels
for hydrogen
2S-4P spec-
troscopy are
shown (not to
scale). The
atoms are
prepared in the

2SF¼0
1=2 meta-

stable state (ji〉)
by two-photon
excitation with
a preparation
laser at 243 nm.
The spectros-
copy laser at
486 nm drives
the one-photon
2S-4P1/2 and
2S-4P3/2 transi-
tions to the

4PF¼1
1=2 (je〉) and

4PF¼1
3=2 (je′〉)

states to deter-
mine the
transition fre-
quencies n1/2
and n3/2,
respectively.
These states
decay rapidly, predominantly to the 1S ground state (jf〉) either directly through Lyman-g fluorescence
at 97 nm (Ly-g, branching ratio 84%) or indirectly through the 3S, 3D, and 2P levels, yielding one
Lyman-a photon at 121 nm (Ly-a, branching ratio 4%). The remaining 12% of the decays lead back to
the 2S state through Balmer-b decay (Ba-b), with 4% decaying back to the initial 2SF¼0

1=2 state.
Excitations from the 2SF¼0

1=2 to the 4PF¼0
1=2 and 4PF¼2

3=2 levels are forbidden by angular momentum

conservation. (B) Typical experimental fluorescence signal from a single line scan over the 2S-4P1/2

(left) and 2S-4P3/2 (right) resonance (black diamonds). The observed line width (full width at half
maximum) of ~2p × 20 MHz is larger than the natural line width G = 2p × 12.9 MHz because of
Doppler and power broadening. The accuracy of our measurement corresponds to almost 1 part in
10,000 of the observed line width. The constant background counts are caused by the decay of 2S
atoms inside the detector (17). kcts, kilocounts.

RESEARCH | RESEARCH ARTICLE

on M
ay 5, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

R∞ = 10 973 731.568 076(96) m−1,rp = 0.8335(95) fm
Beyer et al., Science 358, 79 (2017)

R∞ = 10 973 731.568 53(14) m−1,rp = 0.877(13) fm
Fleurbaey et al. PRL 120, 183001 (2018)

𝟏𝑺 → 𝟑𝑺
     (& 1S → 2S)

2𝑺 → 𝟒𝑷
(& 1S → 2S)

Ordinary hydrogen spectroscopy

Parthey et al., PRL 107, 203001 (2011)
Matveev et al. PRL 110, 230801 (2013)



 (fm)pProton charge radius R
0.8 0.82 0.84 0.86 0.88 0.9 0.92

CODATA-2014

e-p scattering
(CODATA-2014)

H spectroscopy
(CODATA-2014)

p 2013µ

p 2010µ

H spectroscopy 2017

H spectroscopy 2018

σ5.6 

Electron scattering:          0.879 ± 0.011 fm (CODATA 2014)
Muon spectroscopy:         0.8409 ± 0.0004 fm (CREMA 2010, 2013)
H spectroscopy (2017):    0.8335 ± 0.0095 fm (A. Beyer et al. Science 358(2017) 6359)
H spectroscopy (2018):    0.877 ± 0.013 fm (H. Fleurbaey et al. PRL.120(2018) 183001)

The Proton Charge Radius Puzzle in 2018

Not shown: ep scattering (ISR, 2017): 0.810 ± 0.035stat. ±0.074syst. ±0.003 (delta_a, delta_b) 
(Mihovilovic PLB 771 (2017);  0.878 ± 0.011stat. ±0.031syst. ±0.002mod. (Mihovilovic 2021))

16



§High resolution, large acceptance, hybrid 
HyCal calorimeter (PbWO4 and Pb-Glass) 

§Windowless H2 gas flow target
§Simultaneous detection of elastic and 

Moller electrons
§Q2 range of 2x10-4 – 0.06 GeV2 
§XY – veto counters replaced by GEM 

detector
§Vacuum chamber

The PRad Experiment in Hall B at JLab

Spokespersons: A. Gasparian (contact), 
H. Gao, D. Dutta, M. Khandaker Mainz low Q2 data set

Phys. Rev. C 93, 065207, 2016



The PRad Experimental setup

Electron 
Beam

J. Pierce et al., NIMA 1003, 165300 (2021)

I Larin, Y Y. Zhang, et al.,
Science 6490, 506



Analysis – Event Selection

Event selection method

1. For all events, require hit 
matching between GEMs 
and HyCal

2. For ep and ee events, 
apply angle-dependent 
energy cut based on 
kinematics
1. Cut size depend on local 

detector resolution 

3. For ee, if requiring double-
arm events, apply 
additional cuts
1. Elasticity
2. Co-planarity
3. Vertex z

19
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Extraction of ep Elastic Scattering Cross Section
• To reduce the systematic uncertainty, the ep cross section is normalized to the Møller cross section: 

• Method 1: bin-by-bin method – taking ep/ee counts from the same angular bin
Ø Cancellation of energy independent part of the efficiency and acceptance
Ø Limited coverage due to double-arm Møller acceptance

• Method 2: integrated Møller method – integrate Møller in a fixed angular range and use it as 
common normalization for all angular bins
Ø Needs to know the GEM efficiency well

• Luminosity cancelled from both methods
• PRad: Bin-by-bin range: 0.7o to 1.6o for 2.2 GeV, 0.75o to 3.0o for 1.1 GeV. Larger angles use 

integrated Møller method (3.0o  to 7.0o for 1.1 GeV; 1.6o  to 7.0o for 2.2 GeV)
• PRad-II: two planes of GEM/𝜇Rwell allow for integrated Møller method for the entire experiment 
• Event generators for unpolarized elastic ep and Møller scatterings have been developed based on 

complete calculations of radiative corrections – PRad-II with NNL for RC
1. A. V. Gramolin et al., J. Phys. G Nucl. Part. Phys. 41(2014)115001
2. I. Akushevich et al., Eur. Phys. J. A 51(2015)1 (beyond ultra relativistic approximation)

• A Geant4 simulation package is used to study the radiative effects, and an iterative procedure 
applied

i



Elastic ep Cross Sections
• Differential cross section v.s. Q2, with 2.2 and 1.1 GeV data

• Statistical uncertainties: ~0.15% for 2.2 GeV, ~0.2% for 1.1 GeV per point

• Systematic uncertainties: 0.3%~1.1% for 2.2 GeV, 0.3%~0.5% for 1.1 GeV 
(shown as shadow area)

Systematic uncertainties shown as bands

Xiong et al., Nature 575, 147–150 (2019) 21



Proton Electric Form Factor G’E (Normalized)
• n1 and n2 obtained by fitting PRad GE to

• G’E as normalized electric Form factor:

n1 = 1.0002 +/- 0.0002(stat.) +/- 0.0020 (syst.),    n2 = 0.9983 +/- 0.0002(stat.) +/- 0.0013 (syst.)

• PRad fit shown as f	(Q2)	 rp =  0.831 +/- 0.007 (stat.) +/- 0.012 (syst.) fm

22

Yan et al. PRC98,025204 (2018)



Proton radius at the time of PRad publication 

• PRad result rp : 0.831 +/- 0.0127 fm, Xiong et al., Nature 575, 147–150 (2019)

• H Lamb Shift: 0.833 +/- 0.010 fm Bezginov et al., Science 365, 1007-1012 (2019)

• CODATA 2018 value of rp: 0.8414 +/- 0.0019 fm, E. Tiesinga et al., RMP 93, 025010(2021)

CODATA has also shifted the value of the Rydberg constant. 
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More from ordinary hydrogen spectroscopy

Bezginov et al., Science 365, 1007 (2019)
rp = 0.833(10) fm

rp = 0.8482(38) fm
Grinin et al., Science 370, 1061 (2020)

Gao and Vanderhaeghen, Rev. Mod. Phys. 94, 015002 (2022) 
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 [fm]〉2
Ep

r〈
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

H 2S - 2P)µPohl 2010 (

H 2S - 2P)µAntognini 2013 (

Beyer 2017 (H 2S - 4P)

Bezginov 2019 (H 2S - 2P)

Grinin 2020 (H 1S - 3S)

CODATA-2014 (H spect.)

Fleurbaey 2018 (H 1S - 3S)

Proton radius from ordinary and muonic H spectroscopy  

Not included 
Newest result:
Brandt PRL128, 023001 (2022): 
measured 2S½ -8D5/2 transition 
& used 1S-2S

rp=0.8584(51)  fm 
R∞=10973731.568332(52)  m−1.



26

(Re)analyses of e-p scattering data

Gao and Vanderhaeghen, Rev. Mod. Phys. 94, 015002 (2022) 

More recent work see Cui et al., arxiv:2204.05418
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PRad-II: goals and approaches
• Reduce the uncertainty of the rp measurement by a factor of  3.8!
• Reach an unprecedented low values of Q2 :  4×10-5 (GeV/c)2 

• How? 
• Improving tracking capability by adding a second plane of tracking detector
• Adding new rectangular cross shaped scintillator detectors to separate Moller 

from ep electrons in scattering angular range of 0.50- 0.80 
• Upgrading HyCal and electronics for readout

• Replacing lead glass blocks by PbWO4 modules (uniformity, resolutions, inelastic channel)
• Converting to FADC based readout 

• Suppressing beamline background
• Improving vacuum
• Adding second beam halo blocker upstream of the tagger

•  Reducing statistical uncertainties by a factor of 4 compared with PRad 
• Three beam energies: 0.7, 1.4 and 2.1 GeV – 0.7 GeV is critical  to reach the 

lowest Q2  (4×10-5 (GeV/c)2)
• Improve radiative correction calculations by going to NNL order
• Potential target improvement (not used in projection)
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Approved with the highest rating by the 
JLab Program Advisory Committee in summer 2020



29

Scintillator detectors inside

• Upgrade HyCal
• Adding 2nd GEM
• ……



Projections for PRad-II
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Differential Cross section Electric form factor

• Nuclear deformation effects, 
Lin and Zou, arxiv:1910.13916         
• New physics?                           
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CODATA-2018

Bezginov 2019 (H spect.)

PRad 2019 (ep scatt.)

PRad-II projection

Zhan 2011 (ep scatt.)

Grinin 2020 (H spect.)

Most precise ordinary hydrogen result:
rp = 0.8482±0.0038	fm
Grinin et al., Science 370, 1061 (2020)
• PRad-II: total uncertainty 0.0036 fm

Gasparian et al. arXiv:2009.10510
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The ongoing MUSE Experiment at PSI

Beam momentum values:
115, 153, 210 MeV/c
Scattering angle: 200 -1000

Gao and Vanderhaeghen, Rev. Mod. Phys. 94, 015002 (2022) 
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The MAGIX@MESA Experiment at Mainz

Electron beam momentum:
20-105 MeV/c



34

The ULQ2 Experiment at 
Tohoku University

Beam momentum values: 
20-60 MeV/c
Scattering angle: 300 -1500

Target CH2
Focal plane detector: 
Single-sided Silicon 
Detectors
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The proton charge radius saga continues

Brandt PRL128, 023001 (2022): measured 2S½ -8D5/2 transition & used 1S-2S



Thank you for your time and attention!
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