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Recent reviews
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§ H. Gao, M. Vanderhaeghen, 
The proton charge radius,
Rev. Mod. Phys. 94, 015002 (2022) 

§ J.-P. Karr, D. Marchand, E. Voutier, 
The proton size,
Nature Reviews Physics 2, 601–614 (2020)

§ C. Peset, A. Pineda, and O. Tomalak,
The proton radius (puzzle?) and its relatives,
Prog. Part. Nucl. Phys. 121, 103901 (2021)



Definition
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G. Miller, Defining the Proton Radius: a Unified Treatment
Phys. Rev. C 99, 035202 (2019)

Proton = a rather light, relativistic, composite object
Moment of rest charge distribution not probed by spectroscopy or scattering

Consistent, covariant treatment:

Transverse charge density may be considered (relativistically correct)



Lepton scattering from a nucleon:

F1, F2 are the Dirac and Pauli form factors

Sachs form factors:

Fourier transform (in the Breit frame)
gives spatial charge and magnetization
distributions

Vertex currents:

Derivative in Q2 → 0 limit:

Lepton scattering and charge radius

μ!, e!
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Expect identical behavior for any charged lepton – e!, μ!



Atomic physics 6

Slide by R. Pohl



Muonic hydrogen
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Slide by R. Pohl



Muonic hydrogen
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with a wavelength tunable at around 6 μm is incident upon
and illuminates the target volume about 0.9 μs after the muons
reach the target. The laser wavelength is scanned through the
resonance of the 2S → 2P transition. Upon the excitation, the

2P state with a lifetime of 8.5 ps will decay to the 1S state via
emission of the 1.9-keV Kα x ray. Therefore, in this pulsed
muonic atom laser spectroscopic measurement, the resonance
curve is recorded by the coincidence of the 1.9-keV x ray and

FIG. 19. The proton charge radius values determined from electron-scattering experiments since 2010 together with the results from
various analyses of electron-proton scattering data (see the text). From Jingyi Zhou.

(a)

(b)

(c)

FIG. 20. Muonic hydrogen energy levels relevant to the proton charge radius measurement. From Jingyi Zhou.
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The proton radius puzzle in 2010/2013
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The proton rms charge radius measured with
electrons: 0.8770 ± 0.0045 fm (CODATA2010+Zhan et al.)
muons: 0.8409 ± 0.0004 fm

R. Pohl et al., Nature 466, 213 (2010)
A. Antognini et al., Science 339, 417 (2013)

Proton charge radius (fm)



Proton radius puzzle has drawn attention
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The proton radius puzzle in 2016
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The proton rms charge radius measured with
electrons: (0.8751 ± 0.0061) fm (CODATA2014)
muons: (0.8409 ± 0.0004) fm

R. Pohl et al., Nature 466, 213 (2010)
A. Antognini et al., Science 339, 417 (2013)

Proton charge radius (fm)

5.6 σ
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There is also a deuteron radius puzzle

§ Muonic deuterium agrees with muonic hydrogen w/ istope shift: 
R. Pohl et al., (CREMA) Science 353, 669 (2016)

§ Electron scattering not (yet) conclusive

§ Muonic 4He agrees with electronic helium: 
J. Krauth et al., Nature 589, 527 (2021)



§ Workshops and conferences
2012, 2016 ECT*
2014, 2018 Mainz
2019 Losinj
2022, 2023 PREN (Paris, Mainz)

§ Special sessions of many other major conferences

§ Re-analyses
§ Theoretical efforts
§ New experiments

Spectroscopy
Scattering

The community got engaged
13



§ The μp (spectroscopy) result is wrong
Discussion about theory and proton structure for extracting the proton 
radius from muonic Lamb shift measurement

§ The ep (spectroscopy) results are wrong
Accuracy of individual Lamb shift measurements? 
Rydberg constant could be off by ~5 sigma

§ The ep (scattering) results are wrong
Fit procedures not good enough 
Q2 not low enough, structures in the form factors

§ Proton structure issues in theory
Off-shell proton in two-photon exchange leading to enhanced effects 
differing between μ and e 
Hadronic effects different for μp and ep:
e.g. proton polarizability (effect ∝ ml

4)

§ Physics beyond Standard Model differentiating μ and e
Lepton universality violation, light massive gauge boson(s)
Constraints on new physics from meson decays and spectroscopy

Possible resolutions to the puzzle
14
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New spectroscopy results: 2S-4P (Garching)

A. Beyer et al.
Science 358, 79 (Oct. 6, 2017)

δν ~ Γ / 104

à Small radius
Puzzle solved? 
No!

Why different?
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New spectroscopy results: 1S-3S (Paris)

Hélène Fleurbaey et al., PRL 120, 183001 (2018)

G. Miller @ INT: Is there still a proton radius puzzle? 
Is electron-hydrogen spectroscopy accurate enough?  

à Large radius!
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New spectroscopy results: 2S-2P (York)

N. Bezginov et al., Science 365, 1007 (2019) – published Sep 5, 2019

à Small radius!    Independent of Rydberg
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New electron scattering: PRad

Weizhi Xiong et al., Nature 575, 147 (2019)

“A small proton charge radius from an electron–proton 
scattering experiment”



CODATA2018 new recommended values
19

May 20, 2019

CODATA2014: 8.751(61)  x  10−16 m
[-5.5σ]

3x more precise



CODATA2018 new recommended values
20

CODATA2014: 3.289 841 960 355 (19) x 1015 Hz

May 20, 2019

[-5.5σ]

3x more precise



§ Cross sections and form factors of PRad are different – why?

§ Accuracy of radiative corrections?
§ What did previous experiments do wrong? 
§ Which result is to be preferred, and why?

§ Need independent checks and validations 
(à ISR, ULQ2, MUSE, AMBER, PRad-II, MAGIX, …)

21

Puzzle solved?

Plot: 
courtesy by J. Bernauer



§ Radiative tail dominated by coherent sum of two Bethe-Heitler diagrams

+ =

2

§ New MAMI experiment to extract GE
p at lowest Q2 ~ 10-4 (GeV/c)2

§ In the data ISR can not be distinguished from FSR, Q2 (Recon) > Q2 (ISR)
§ Combining data and simulation, ISR and form factor can be extracted
§ Method tested at higher Q2

§ Pilot pub. 2017, prel. result May 2019, M. Mihovilovic, EPJA 57, 107 (2021)
§ Improvements underway (jet target), Y. Wang et al., PRC 106, 044610 (2022)

Initial state radiation (ISR) at MAMI
22

Q2
vertex

Q2
recon
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Initial state radiation (ISR) at MAMI

M. Mihovilovic et al., EPJA 57, 107 (2021)

à Large radius!

107 Page 6 of 9 Eur. Phys. J. A (2021) 57 :107

Fig. 6 The proton charge radius extracted from the electron scattering
experiments. The red circles show the results of the ISR experiment.
The final radius was determined by analysing the slopes of the measured
cross-sections relative to the simulated ones. The value is consistent
with the one calculated from the fit of the form factors. Black squares
represent the results of previous electron scattering measurements [5,
7,8,11,19–26]. The value obtained from the Lamb shift measurements
in muonic hydrogen is shown by the blue line for comparison

Fig. 6, is consistent with the value obtained from the original
form factor analysis, but is almost three times as precise as
the first result [11].
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Fig. 7 Momentum-dependent uncertainty contributions to the cross-
section ratios introduced by different effective corrections to the simu-
lation for the 495 MeV energy setting. The largest contributions to the
uncertainty are related to the description of the second-order real photon
emission (dashed green line), external radiative corrections (dash-dotted
violet line) and the description of pion electroproduction (double-dotted
cyan line). The latter is relevant only above the pion production thresh-
old at momenta below 360 MeV/c. The full red line shows the total
systematic uncertainty of the extracted cross-section ratios, including
experimental uncertainties presented in Sect. 3

Appendix A: Systematic uncertainties

The uncertainties of the cross-section ratios and deduced
form factors are dominated by the combination of the experi-
mental uncertainties, presented in Sect. 3, and the uncertain-
ties of the simulation employed to calculate the radiative tail
of the elastic scattering process. These need to be studied
carefully in order to extract credible results, since some parts
depend strongly on the energy of the scattered electron, see
Fig. 7. The obtained uncertainties are gathered in Table 1 and
discussed in this section.

The simulation exactly calculates the coherent sum of
the amplitudes for the leading diagrams shown in Fig. 1.
The next-order vacuum polarization diagrams (with electrons
inside the fermion loop) are exactly calculable and represent
as a multiplicative factor to the cross section. The uncertainty
of this correction is given by the size of the omitted vacuum
polarization due to muon loops and is smaller than 0.2 %.
The virtual corrections to the Bethe-Heitler diagrams (self-
energy corrections and various vertex corrections) require
integration of the loop diagrams and are considered as effec-
tive corrections to the cross section, using calculations of
Ref. [12]. These are accurate to about 1 %, which in turn cor-
responds to an error of the cross-section ratios smaller than
0.016 %.

123



Spectroscopy: 2S – 3S

MPI Garching
Result
1S – 3S

A. Grinin et al., 
Science 370, 
1061–1066 (2020)

24

24

New spectroscopy results: 1S-3S (Garching)

à Intermediate radius!



Colorado
Result
2S – 8D

25

New spectroscopy results: 2S-8D (Colorado)

à Intermediate radius!

A.D. Brandt et al., 
PRL 128, 023001 (2022)

25
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The proton radius puzzle in 2023

Plot: courtesy by J. Bernauer

Red = μp spectroscopy
Blue = ep scattering
Light blue = re-fitting of e scattering
Green = ep spectroscopy
Black = CODATA
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Theoretical efforts
§ Advanced models, e.g. RCQM, light-front, …

– rather accurate, increasingly sophisticated
– inspired by effective degrees of freedom
– model-dependent, as the name says
– assumptions often ad hoc and not dynamically generated

§ Effective theories and phenomenology
– Phenomenological parameterizations
– Advanced fits (e.g. z-expansion) with physics constraints
– Dispersion Theory
– Chiral Effective Field Theory, HBCPT, …
– DSE, quark orbital momentum, di-quark correlations
– Increasingly dynamic 

§ QCD = “Exact” theory of Strong Interaction, non-perturbative
– Lattice QCD
– Uses first principles, phenomena dynamically generated 
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Recent Lattice QCD results 

Fig. 6, however, that further improvements are called for to
reach the precision level obtained in the empirical extractions.

E. The extraction of proton electromagnetic form factors

The differential cross section based on OPE for elastic
electron-nucleon scattering can be written as

dσ
dΩlab

¼ α2

4E 2sin4ðθ=2Þ
E 0

E

×
!
G2

E þ τG2
M

1þ τ
cos2

"
θ
2

#
þ 2τG2

Msin
2

"
θ
2

#$
; ð42Þ

where E is the incident electron energy, E 0 is the energy of
the scattered electron, θ is the electron-scattering angle, α is
the fine-structure constant, τ≡Q2=4M2, and the mass of the
electron is neglected.
To separately determine the proton electric and magnetic

form factor for each Q2 value, ideally one would need to
perform two measurements with independent combinations of
GE and GM at the corresponding Q2 value, with one of the
measurements involving polarizations that we discuss later.
However, polarization experiments have become possible
only in recent decades. Historically, the Rosenbluth technique

(Rosenbluth, 1950) had been used extensively, which allows
for the separation of these two form factors by performing
unpolarized differential cross-section measurements only. To
see how this works, one can rewrite Eq. (42) as

dσ
dΩlab

¼ σM
1

1þ τ

!
G2

E þ τ
ϵ
G2

M

$
; ð43Þ

where ϵ ¼ ½1þ 2ð1þ τÞtan2ðθ=2Þ&−1 is the virtual photon
longitudinal polarization and σM is the following Mott cross
section describing the scattering from a pointlike spinless
target (where we included the recoil factor E 0=E ):

σM ¼ α2cos2ðθ=2Þ
4E 2sin4ðθ=2Þ

"
E 0

E

#
: ð44Þ

At a fixed Q2 value, one can take a series of measurements
by varying the incident electron beam energy and the scattering
angle. According to Eq. (43), one can then fit the measured
reduced cross sectionG2

M þ ϵ=τG2
E as a function of ϵ. From the

slope and the intercept of the fit, one can then determineG2
E and

G2
M. There are limitations to the Rosenbluth method: at lowQ2,

due to the kinematic suppression, the extraction of the proton
magnetic form factor is problematic, while at high Q2 the

FIG. 6. Compilation of recent lattice QCD results for the isovector charge radius (left panel) and the proton charge radius (right
panel) obtained from ensembles at the physical pion mass. Results shown are from LHPC (Hasan et al., 2018) and ETMC, both
using a form factor fit ETMC 18 (Alexandrou et al., 2019), as well as the direct calculation of the radius ETMC 20, avoiding an
extrapolation through a form factor fit (Alexandrou et al., 2020); PNDME (Jang et al., 2020); PACS (Shintani et al., 2019); and
CLS (Djukanovic et al., 2021). Inner error bars display the statistical errors, whereas outer error bars display the full errors. The
vertical bands show the empirical result extracted from muonic hydrogen spectroscopy and the CODATA-2014 recommended value,
as discussed in Secs. V and VI. From Jingyi Zhou.

H. Gao and M. Vanderhaeghen: The proton charge radius

Rev. Mod. Phys., Vol. 94, No. 1, January–March 2022 015002-11

Isovector observables: no disconnected diagrams
Radii typically come out too small (pion mass, lattice box size)
Figure: from H. Gao, M. Vanderhaeghen, Rev. Mod. Phys. 94, 015002 (2022)
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New milestone: Precision Lattice QCD

4

Figure 2. Electromagnetic form factors of the proton as a function of Q2. The orange curves and bands correspond to our
final results at the physical point with their full uncertainties obtained as model averages over the different direct fits. The
light orange bands indicate the statistical errors. The black diamonds represent the experimental ep-scattering data by the A1
Collaboration [4] obtained using Rosenbluth separation. The experimental value of the magnetic moment [68] is depicted by a
red cross.

larger than the results of Refs. [34–36], while Ref. [28]
quotes an even larger central value.

We stress that any difference between our estimate
and previous lattice calculations is not related to our
preference for direct fits to the form factors over the
conventional approach via the z-expansion, as the latter
yields similar values for

p
hr2Ei

p for our data (cf. the ac-
companying paper [44]). For the magnetic radius, our
result agrees with that of Refs. [34, 35] within 1.2 com-
bined standard deviations, while that of Ref. [27] is much
smaller. Our statistical and systematic error estimates
for the electric radius and magnetic moment are similar
or smaller compared to other lattice studies, while being
substantially smaller for the magnetic radius. As a final
remark we note that the lack of a data point at Q2 = 0
complicates the extraction of the magnetic low-Q2 observ-
ables in most recent lattice determinations, especially for
z-expansion fits on individual ensembles. By contrast, the
direct approach – in addition to combining information
from several ensembles and from GE and GM – is more
constraining at low Q2, allowing for considerably less vari-
ation in the form factors in that regime. We believe this
to be responsible, to a large extent, for the small errors
we achieve in the magnetic radii.

Conclusions. We have performed the first lattice QCD
calculation of the radii and magnetic moment of the pro-
ton to include the contributions from quark-connected
and -disconnected diagrams and present a full error bud-
get. The overall precision of our calculation is sufficient to
make a meaningful contribution to the debate surround-
ing the proton radii. Our final estimates are listed in
eqs. (5) to (10).

As an important benchmark, we reproduce the experi-
mentally very precisely known magnetic moments of the
proton and neutron [68] within our quoted uncertainties.
A detailed discussion of our results for the neutron radii
can be found in the accompanying paper [44]. Our re-

Figure 3. Comparison of our best estimates for the electro-
magnetic radii and the magnetic moment of the proton with
other lattice calculations, i.e., Mainz21 [37], ETMC20 [36],
ETMC19 [35], PACS19 [34], and CSSM/QCDSF/UKQCD14
[27, 28]. Only ETMC19 and this work include disconnected
contributions. The Mainz21 values have been obtained by
combining their isovector results with the PDG values for the
neutron [68]. We also show this estimate using our updated
isovector results (cf. the accompanying paper [44]). The exper-
imental value for µp

M is taken from PDG [68]. The two data
points for

p
hr2Eip depict the values from PDG [68] (cross)

and Mainz/A1 [4] (square), respectively. The two data points
for

p
hr2M ip, on the other hand, show the reanalysis of Ref.

[20] either using the world data excluding that of Ref. [4]
(diamond) or using only that of Ref. [4] (square).

sult for the electric (charge) radius of the proton is much
closer to the value inferred from muonic hydrogen spec-
troscopy [2] and the recent ep-scattering experiment by
PRad [6] than to the A1 ep-scattering result [4]. For the
magnetic radius, on the other hand, our estimate is well
compatible with the analyses [4, 20] of the A1 data and
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We present lattice-QCD results for the electromagnetic form factors of the proton and neutron
including both quark-connected and -disconnected contributions. The parametrization of the Q2-
dependence of the form factors is combined with the extrapolation to the physical point. In this way,
we determine the electric and magnetic radii and the magnetic moments of the proton and neutron.
For the proton, we obtain at the physical pion mass and in the continuum and infinite-volume limitp

hr2Eip = 0.820(14) fm,
p

hr2M ip = 0.8111(89) fm, and µp
M = 2.739(66), where the errors include all

systematics.

Introduction. The so-called “proton radius puzzle”, i.e.,
the observation of a large tension in the proton’s electric
(charge) radius extracted either from atomic spectroscopy
data of muonic hydrogen [1, 2] or, alternatively, from cor-
responding measurements on electronic hydrogen [3] as
well as ep-scattering data [4, 5], has gripped the scientific
community for more than 10 years and triggered a vigor-
ous research effort designed to explain the discrepancy.

Recent results determined from ep-scattering data col-
lected by the PRad experiment [6] and from atomic hy-
drogen spectroscopy [7–9] (with the exception of Ref. [10])
point towards a smaller electric radius, as favored by
muonic hydrogen and dispersive analyses of ep-scattering
data [11–14]. To allow for a more reliable and precise de-
termination of the proton’s electromagnetic form factors
from which the radii are extracted, efforts are underway
to extend ep-scattering experiments to unprecedentedly
small momentum transfers [15–17], which are comple-
mented by plans to perform high-precision measurements
of µp cross sections [18, 19].

While the situation regarding the electric radius is
awaiting its final resolution, one also finds discrepant
results for the proton’s magnetic radius. Specifically, there
is a tension of 2.7� between the value extracted from the
A1 ep-scattering data alone and the estimate from the
corresponding analysis applied to the remaining world
data [20]. Clearly, a firm theoretical prediction for basic
properties of the proton and the neutron, such as their
radii and magnetic moments, would be highly desirable
in order to assess our understanding of the particles that
make up the largest fraction of the visible mass in the
universe.

In this letter we present our results for the radii and
magnetic moment of the proton computed in lattice QCD.
Compared with previous lattice studies [21–38], our cal-
culation is the first to include the contributions from
quark-disconnected diagrams while controlling all sources
of systematic uncertainties arising from excited-state con-

tributions, finite-volume effects and the continuum ex-
trapolation. We determine the proton’s magnetic ra-
dius

p
hr2M ip with a total precision of 1.1 %, which is

competitive with recent analyses of ep-scattering data
[4, 12, 13, 20]. Moreover, our lattice QCD estimate for
the proton’s magnetic moment is in good agreement with
experiment. Our result for the electric radius, which has a
total precision of 1.7 %, is consistent with the value deter-
mined in muonic hydrogen within 1.5 standard deviations.

Lattice setup. Our aim is to compute the electric and
magnetic Sachs form factors GE(Q2) and GM (Q2) of the
proton and neutron. The electric form factor at zero
momentum transfer yields the nucleon’s electric charge,
i.e., Gp

E(0) = 1 and Gn
E(0) = 0, whereas the magnetic form

factor at Q2 = 0 is identified with the magnetic moment,
GM (0) = µM . The radii can in turn be extracted from
the slope of the form factors at zero momentum transfer,

hr2i = �
6

G(0)

@G(Q2)

@Q2

����
Q2=0

. (1)

The only exception to this definition is the electric radius
of the neutron, where the normalization factor 1/G(0) is
dropped.

For our lattice determination of these quantities, we
use the ensembles generated by the Coordinated Lattice
Simulations (CLS) [39] effort with 2 + 1 flavors of non-
perturbatively O(a)-improved Wilson fermions [40, 41]
and a tree-level improved Lüscher-Weisz gauge action
[42], correcting for the treatment of the strange quark
determinant using the procedure outlined in Ref. [43].
Table I shows the set of ensembles entering the analysis:
they cover four lattice spacings in the range from 0.050
fm to 0.086 fm, and several pion masses, including one
slightly below the physical value (E250). Further details
on our setup of the simulations and the measurements of
the two- and three-point functions of the nucleon can be
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Consistent with small radius
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Ongoing and future scattering experiments

§ PRad-II @ JLab

§ ULQ2 @ ELPH

§ MAGIX @ MESA

§ MUSE @ PSI

§ AMBER @ CERN

R. Gilman’s draft scribbling for the MUSE logo contest
on the back of an envelope



PRad II @ JLab

§ Improvements for PRad-II:
ü Better upstream vacuum and halo rejection
ü Add second GEM plane
ü Upgrade HyCal: PbW04, FADC readout
ü Added scintillators: separate Moller from ep in 

elect. scattering angular range of 0.5∘ - 0.8∘
ü Factor 4 reduction of statistical errors
ü Beam energies: 0.7, 1.4 and 2.1 GeV

H. Gao: ERICE School on Nuclear Physics, September 18th, 2023

31

PRad-II at JLab
31



§ Very low Q2 : 4x10-5 – 0.06 (GeV/c)2

§ Aiming for total uncertainty: 0.0036 fm

§ Highest rating from JLab PAC 2020

H. Gao: ERICE School on Nuclear Physics, September 18th, 2023

PRad II @ JLab
32

G
E

Q2 [(GeV/c)2]

PRad-II at JLab
32



ULQ2 @ ELPH
33

§ ULQ2: E0 ~ 10–60 MeV; θe ~ 30o–150o; Q2 ~ 3x10-5 – 0.013 (GeV/c)2

§ Twin magnetic spectrometers (2019+2021)
§ Commissioning since 2019, production running 2023-24

60 MeV electron linac 
Ee = 10 - 60 MeV

ΔE/E = 0.6 x 10-4

beam size ~ 0.6 mm on target

duty factor = 10-3

ULQ2 twin-spectrometer setup 
Δp/p = 5.6 x 10-3

ΔΩ = 6 mSr

θ = 30 - 150 deg.

Q2 = 3 x 10-5 - 0.013 (GeV/c)2

54

54

ULQ2 (Ultra-Low Q2) beam line

ULQ2 info by T. Suda and Y. Honda



ULQ2 @ ELPH
34

§ ULQ2: E0 ~ 10–60 MeV; θe ~ 30o–150o; Q2 ~ 3x10-4 – 0.008 (GeV/c)2

§ Twin magnetic spectrometers (2019+2021)
§ Commissioning since 2019, production running 2023-24

ULQ2 info by T. Suda and Y. Honda
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C peak 
Δp = 0.15 MeV/c)

θ : 50∘ → 90∘

H peak 
(49.31 MeV/c  47.70 MeV/c)→

Physics data production run just started with CH2 target

relative measurement to well-known e+12C scattering

Pe = 51. 26 MeV/c

50°60°70°80°90°
e+p

e+C

Pe (MeV/c)

0.05

ULQ2 @ ELPH
35

§ Production running just started with CH2 target
§ Normalization to 12C elastic scattering
§ Expected errors 10-3 on σep, 1% on rp

ULQ2 info by T. Suda and Y. Honda



MAGIX Collaboration @ MESA

§ MESA accelerator (first beam 2024/25)
§ ERL mode up to 1-10mA, 20-105 MeV
§ Electron scattering with supersonic 

cryogenic gas target
§ Coverage from Q2 = 1x10-5 to 0.03 GeV2

⇒ proton radius!

36

MAGIX at MESA
36

MAGIX info: S. Schlimme



MAGIX Collaboration @ MESA

MAGIX info: S. Schlimme

§ First beam on solid target: 2025
§ First data on proton: 2027
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Motivation for μp scattering

Muonic hydrogenElectronic hydrogen
Spectroscopy

Scattering
Electron scattering

0.8758 ± 0.0077 0.84184 ± 0.00067 
0.84087 ± 0.00039

0.8770 ± 0.0060
Muon scattering

???
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Idea for MUSE developed by R. Gilman, G. Miller, and M.K. at PINAN2011, Morocco



MUSE at PSI
§ Beam particle tracking
§ Liquid hydrogen target
§ Scattered lepton detected

Measure e±p and μ±p
elastic scattering

p = 115, 153, 210 MeV/c
θ = 20o to 100o

Q2 = 0.002 - 0.07 (GeV/c)2

ε = 0.256 - 0.94

Challenges
§ Secondary beam with π

background – PID in trigger
§ Non-magnetic spectrometer
§ Background from Møller

scattering and muon decay
in flight e/π/μ
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2023-2025: MUSE production data taking

Nov. 2017 Oct. 2017

2016-2019: Assembly complete; Initial commissioning
2020-2022: Commissioning cont’d under initial Covid-19 constraints
2023: Started production data for 12 beam months over ~2 years

40



Anticipated Results
§ Anticipated form factor uncertainty
§ E. Cline, et al., 

SciPost Phys. Proc. 5, 023 (2021)
E. J. Downie – SPIN 2023 41

MUSE coverage and expected errors
41



Anticipated Results

µ+ / µ-

µ / e e+ / e-

§ Stat. errors plotted, systematics <0.5%
§ Based on assumption of 1 year of running
§ ~20% of scattering data taken in 2023
§ Radius to 0.007 fm, Rμ–Re to 0.005 fm

115 MeV / c
160 MeV / c
210 MeV / c

E. J. Downie – SPIN 2023 42

MUSE coverage and expected errors
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§ 100 GeV μ beam, CERN SPS M2 beamline
§ Active-target TPC with high-pressure H2
§ High-precision proton tracking and forward 

spectrometer for muon reconstruction
§ Goal: 70 million elastic scattering events in 

the range 10-3 < Q2 < 4x10-2 (GeV/c)2

§ Precision on the proton radius ~0.010 fm

AMBER @ CERN TPC, 20 bar
~50 keV precision for 
recoiling proton

43

AMBER at CERN
43

AMBER info: J. Friedrich



AMBER @ CERN

New Si and SciFI
Unified Tracking System (UTS)

Figure: J. C. Bernauer
AMBER info: J. Friedrich
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2018: First measurement H2 TPC in high energy μ beam
2021: First test run with IKAR TPC and existing tracking

detectors from COMPASS 
2023: Test run with new free-running DAQ
2024: Test run with IKAR TPC and UTS prototypes
2025: Physics run with new TPC and final UTS
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AMBER at CERN
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Conclusion

§ Proton Radius Puzzle remains unresolved
§ Diverse array of scattering experiments, e and μ
§ Each with different beam / systematics; expected precision 0.004-0.010 fm
§ Many further spectroscopy efforts underway

Thanks to: S. Schlimme, J. Friedrich, H. Gao, T. Suda, Y. Honda, and E. Downie
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Experiment Probe Q2 / (GeV/c)2 Status

PRad II e- 0.00004 – 0.06 Approved by JLab PAC

ULQ2 e- 0.0003 – 0.008 Commissioning 2019-22, running 2023-24

MAGIX e- 0.00001 – 0.03 Beam 2025, data on proton 2027

MUSE e+,e-, μ+, μ- 0.002 – 0.07 Physics running 2023-25

AMBER μ+, μ- 0.001 – 0.04 Test runs ongoing, physics run 2025

Ongoing and future scattering experiments
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§ PRP not resolved, 13 years later
§ 2016-2019 trend favored smaller radius, resulting in CODA2018,

supported by theory (most recent Lattice QCD)
§ 2020-2022 trend not stringently reconfirming a small radius, tension
§ Unclear why larger radii should be considered wrong
§ Phase space for BSM physics has been narrowed by work of many
§ TPE exists but is too small to explain PRP
§ PRad-Mainz discrepancy points to potential issues with radiative 

corrections 

§ Await results from new experiments within near future:
– e-scattering w/ (ULQ2, MAGIX) and w/o magnetic field (PRad, MUSE)
– μ-scattering: smaller rad. corr., cleaner than e? (MUSE, AMBER)

§ MUSE allows for comparison of ep and μp, as well as TPE for both

§ Conclusion
– There has been a trend, however we are not done yet 

Summary
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Backup
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