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Charge radius definition & recent reviews
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Lepton scattering from a nucleon:
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Lepton scattering and charge radius
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Muonic hydrogen
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The proton radius puzzle in 2010/2013
7

The proton rms charge radius measured with
electrons: 0.8770 ± 0.0045 fm (CODATA2010+Zhan et al.)
muons: 0.8409 ± 0.0004 fm
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Proton radius puzzle has drawn attention
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The proton radius puzzle in 2016
9

The proton rms charge radius measured with
electrons: (0.8751 ± 0.0061) fm ?@A-BCBD3EFG
muons: (0.8409 ± 0.0004) fm
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There is also a deuteron radius puzzle
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The community got engaged
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Discussion about theory and proton structure for extracting the proton 
radius from muonic Lamb shift measurement
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Q! not low enough, structures in the form factors
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Off-shell proton in two-photon exchange leading to enhanced effects 
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Possible resolutions to the puzzle
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CODATA2018 new recommended values
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CODATA2018 new recommended values
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New, independent Rydberg measurement
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(turquoise dot with double error bars) following the
procedure described in Ref.[2].

The2SÐ2P3=2 transitions in muonic hydrogen (! H) [16]
are almost exclusively sensitive to the proton rms charge
radius rp and not to R! , whereas the measurement
presented here, when combined with the measurement of
Ref. [22], is almost exclusively sensitive toR! and not to
rp. The two determinations are thus independent of the
correlation betweenR! and rp which affects most

determinations of these quantities based on transitions of
the H atom. The significance of the present results, next to
the unprecedented precision of! 1S!0"

i , is that they were
obtained from spectra of the H atom and indirectly confirm
the rp value obtained in the! H experiments[16,17]
through theR! value. Consequently, the discrepancies
in Fig.4 cannot be attributed to beyond-the-standard-model
differences in the physical laws governing the properties of
H and! H. This consideration is already implemented in the
CODATA 2018 revision, which had, however, to increase
the error bars because of existing deviating experiments[2].
In our opinion, one could go one step further and use the
!R! ; rp" values given by the orange dot in Fig.4 and
obtained by combining the results of the measurements of
the 2SÐ1S transition in H[15,18] and the Lamb-shift in
! H [16,17].

This work was supported by the Swiss National
Science Foundation through a Sinergia-program grant
(No. CRSII5-183579) and a single-investigator grant
(No. 200020B-200478). We thank H. Schmutz, J. A.
Agner, P. Jansen, and G. Clausen for experimental help
and discussions, and J. Morel and D. Husmann (both at
METAS), J. Faist (ETH Zurich), S. Willitsch (University of
Basel), and E. Heiri and F. Mauchle (Switch Foundation)
for their contributions to setting up the SI-traceable
frequency-distribution system used in this work.

Appendix A: On the measured transition frequencies
and their uncertainties.Ñ Figure 5(a) presents the
corresponding ionization frequencies! 2S!1"

i obtained
from the n # 20Ð2S!0" (blue), n # 20Ð2S!1" (orange),
and n # 24Ð2S!1" (green) transitions. The thick black
horizontal line represents the mean of all ionization
energies and the dotted lines give the standard deviation.
The standard deviations of the mean from the three
color-coded subsets and the total dataset are depicted on
an enlarged scale on the right. The black error bars

FIG. 4. Scatter plot of (R! , r p) values from transition frequen-
cies in H[20Ð24] since 2010 relative to the values reported in
Tiesingaet al. [2], in units of the CODATA 2018 uncertainties.
The covariance ellipses with the1" , 2" , and3" intervals of the
CODATA 2018 and 2010 adjustments[2,3] are in red. When only
R! or rp are reported the data are represented as vertical or
horizontal lines with uncertainties given by shaded areas forrp or
R! , respectively.

(a) (b) (c)

FIG. 5. (a) Ionization frequencies! 2S!1"
i obtained from the frequencies! !20 ! 22S0

1=2" (blue), ! !20 ! 22S1
1=2" (orange), and

!24 ! 22S1
1=2" (green). (b),(c) Dependence of the ionization frequency on the electric field strengthF (b) and on the Doppler shift! D

(c) (see text for details).
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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
Þnal results at the physical point with their full uncertainties obtained as model averages over the di ! erent direct Þts. 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. [34Ð36], 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 Þts to the form factors over the
conventional approach via thez-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 Þnal
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 Þts on individual ensembles. By contrast, the
direct approach Ð in addition to combining information
from several ensembles and fromGE and GM Ð 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 Þrst 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 Þnal 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
hr 2

Eip depict the values from PDG [ 68] (cross)
and Mainz/A1 [ 4] (square), respectively. The two data points
for

p
hr 2

M 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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Precision calculation of the electromagnetic radii of the proton and neutron
from lattice QCD
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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 limit!

! r 2
E "p = 0 .820(14) fm,

!
! r 2

M "p = 0 .8111(89) fm, and µp
M = 2 .739(66), where the errors include all

systematics.

Introduction. The so-called Òproton radius puzzleÓ,i.e.,
the observation of a large tension in the protonÕs 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 scientiÞc
community for more than 10 years and triggered a vigor-
ous research e! ort designed to explain the discrepancy.

Recent results determined fromep-scattering data col-
lected by the PRad experiment [6] and from atomic hy-
drogen spectroscopy [7Ð9] (with the exception of Ref. [10])
point towards a smaller electric radius, as favored by
muonic hydrogen and dispersive analyses ofep-scattering
data [11Ð14]. To allow for a more reliable and precise de-
termination of the protonÕs electromagnetic form factors
from which the radii are extracted, e! orts are underway
to extend ep-scattering experiments to unprecedentedly
small momentum transfers [15Ð17], 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 Þnal resolution, one also Þnds discrepant
results for the protonÕs magnetic radius. SpeciÞcally, there
is a tension of2.7 ! 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 Þrm 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 [21Ð38], our cal-
culation is the Þrst to include the contributions from
quark-disconnected diagrams while controlling all sources
of systematic uncertainties arising from excited-state con-

tributions, Þnite-volume e! ects and the continuum ex-
trapolation. We determine the protonÕs magnetic ra-
dius

!
! r 2

M "p with a total precision of 1.1 %, which is
competitive with recent analyses ofep-scattering data
[4, 12, 13, 20]. Moreover, our lattice QCD estimate for
the protonÕs 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 factorsGE (Q2) and GM (Q2) of the
proton and neutron. The electric form factor at zero
momentum transfer yields the nucleonÕs electric charge,
i.e., Gp

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

factor at Q2 = 0 is identiÞed 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,

! r 2" = #
6

G(0)
" G(Q2)

" Q2

"
"
"
"
Q 2 =0

. (1)

The only exception to this deÞnition 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] e! ort with 2 + 1 ßavors of non-
perturbatively O(a)-improved Wilson fermions [40, 41]
and a tree-level improved LŸscher-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 from0.050
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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The proton radius puzzle in 2023
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Puzzle solved?
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Conclusion

! !&"%"'(K4A$-#(!-GGB?(&?D4$'#(-'&?#"BF?A
! 5$F?&#?(4&&4J("C(#@4%%?&$'+(?S.?&$D?'%#2(?(4'A(T

! U4@1(V$%1(A$CC?&?'%(H?4D(W(#J#%?D4%$@#X(?S.?@%?A(.&?@$#$"'(<L<<=:<L<8<(CD

! 74'J(C-&%1?&(#.?@%&"#@".J(?CC"&%#(-'A?&V4J

Thanks to: S. Schlimme, J. Friedrich, H. Gao, T. Suda, Y. Honda, and E. Downie
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Ongoing and future scattering experiments
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Motivation for μp scattering
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Muon scattering
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MUSE at PSI
§ ]."*&7")+/#4.&+)"#I/1;
§ P/iX/8&$:8)(;.1&+");.+
§ !#"++.).8&4.7+(1&8.+.#+.8

M."%X).&. ±7 "18&>±7
.4"%+/#&%#"++.)/1;

p = 115, 160, 210 MeV/c
θ = 20" to 100"

Q!#= 0.002 - 0.07 (GeV/c)!

ε = 0.256 - 0.94

@$"44.1;.%
§ Secondary beam with π

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

scattering and muon decay
in flight
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MUSE at PSI
§ ]."*&7")+/#4.&+)"#I/1;
§ P/iX/8&$:8)(;.1&+");.+
§ !#"++.).8&4.7+(1&8.+.#+.8

M."%X).&. ±7 "18&>±7
.4"%+/#&%#"++.)/1;

p = 115, 160, 210 MeV/c
θ = 20" to 100"

Q!#= 0.002 - 0.07 (GeV/c)!

ε = 0.256 - 0.94

@$"44.1;.%
§ Secondary beam with π

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

scattering and muon decay
in flight (] f ]e
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MUSE analysis status
§ S).4/*/1"):&"1"4:%/%&('&%#"++.)/1;&8"+"&"+&EEb=&EJ3=&DE3&M.cd#,

^((8&";)..*.1+&9.+W..1&8"+"&"18&%/*X4"+/(1&W/+$/1&94/18/1;
?"44&(9%.)0.8&)"+/(%&";)..&+(&W/+$/1&D3jG

§ B1"4:%/%&"18&%/*X4"+/(1&')"*.W()I&.%+"94/%$.8&?@((I.)=&;FS!ZG,
%"*.&).#(1%+)X#+/(1&)(X+/1.%&'()&8"+"&"18&7%.X8(&8"+"
§ -.+.#+()&74X;/1%,&#"4/9)"+.8&)"W&8"+"
§ MX4+/74.+)"#I/1;&*.+$(8%
§ h/;$.) V4.0.4&"1"4:%/%&74X;/1%

§ Z1&7)(;).%%,
§ @"4/9)"+/(1%=&+/*.V8.7.18.1+
§ B4/;1*.1+&#"4/9)"+/(1=&+/*. V8.7.18.1+

à /*7)(0.&+)"#I/1;&"18&/1+.)1"4&8"+"&#(1%/%+.1#:
§ !/*X4"+/(1%,&T"8/"+/0.&;.1.)"+()%=&8/;/+/N"+/(1=&&+)/;;.)=&SZ-=&

9."*&7)(7.)+/.%=&+$.().+/#"4&*(8.4/1;&('& 6%.#=&''=&CS5=&P[
§ 5))()&7)(7";"+/(1&"18&%:%+.*"+/#&.))()%
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MUSE performance: Full vs emptyAluminized Mylar in Target Cell
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Comparison between luminosity-normalized full and warm cells for +210 MeV/c ! beam. ÒFullÓ cell
and ÒwarmÓ cell are the same cell, ÒfullÓ is Þlled with LH2, ÒwarmÓ is not. Note agreement in
aluminized mylar peak. Clearly see cell walls in warm cell.
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Reaction identification

m$"& ')(*&)."#+/(1&0.)+.6&+(&!S!=& (' n&&<EEb&M.cd#
@4."1&%.7")"+/(1&('&>7&%#"++.)/1;&0%&>&9."*&8.#": V/1V'4/;$+&.0.1+%&

Reaction ID
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! out (c)

µ scat. events, " = 0.026
e from µ decays,
" = 0.056
Events with wrong TOF
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reaction id cut for µ

! out , the ! between the reaction vertex and the SPS. The! out cut separatesµp scattering events from
µ decay-in-ßight events. Shown for! 115 MeV/c.
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Muon beam decay events data vs sim

§ (' n&f EEb&M.cd#o&4.'+,&0.)+.6o&)/;$+,&).#(1%+)X#+.8&"1;4.
§ ^((8&";)..*.1+&9.+W..1&8"+"&"18&%/*X4"+/(1&'()&*X(1 9."*&

8.#": V/1V'4/;$+&.0.1+%
§ ](+$&8"+"&"18&%/*X4"+/(1 ").&94/18.8

µ Decay Events in Simulation and Data - New Analysis
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Comparison of µ decay events as identified by reaction ID in simulation and data at 115 MeV/c. Good
agreement between single run of data and simulation. Left: Reconstructed Z vertex. Right:
Reconstructed ✓.
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Muon scattering events data vs sim

§ (' n&f EEb&M.cd#o&4.'+,&0.)+.6o&)/;$+,&).#(1%+)X#+.8&"1;4.
§ ^((8& ";)..*.1+& 9.+W..1&8"+"&"18&%/*X4"+/(1&'()&*X(1

%#"++.)/1;&.0.1+%
§ ](+$&8"+"&"18&%/*X4"+/(1&").&94/18.8

§ !/*/4")4:&'/18/1;%&'() "448"+"&%.+%&
>±=&. ±=&a± p&EEb=&EJ3=&DE3&M.cd#

µ Scat. Events in Simulation and Data - New Analysis
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Comparison of µ scattering events as identified by reaction ID in simulation and single run of data at
115 MeV/c. Good agreement between data and simulation. Left: Reconstructed Z vertex. Right:
Reconstructed ✓.
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Recent MUSE publications
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2023-2025: MUSE production data taking

Nov. 2017 Oct. 2017
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Anticipated Results
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MUSE coverage and expected errors
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! e− / ! e+

TPE estimate from J Bernauer "it, 
Chiral Dynamics 2018,        
https://pos.sissa.it/317/022/pdf
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MUSE coverage and expected errors
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MUon Scattering Experiment – MUSE
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Backup
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