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μpM ¼ 2.739" 0.063ðstatÞ " 0.018ðsystÞ; ð7Þ

hr2Ein ¼ ½−0.115" 0.013ðstatÞ " 0.007ðsystÞ& fm2; ð8Þ

hr2Min ¼ ½0.667" 0.011ðstatÞ " 0.016ðsystÞ& fm2; ð9Þ

μnM ¼ −1.893" 0.039ðstatÞ " 0.058ðsystÞ: ð10Þ

We note that the precision of the magnetic radius of the
proton,

ffiffiffiffiffiffiffiffiffiffiffiffi
hr2Mip

p
¼½0.8111"0.0074ðstatÞ"0.0050ðsystÞ&fm,

is commensurate with that of its electric counterpart,ffiffiffiffiffiffiffiffiffiffiffi
hr2Eip

p
¼ ½0.820" 0.009ðstatÞ " 0.011ðsystÞ& fm.

To further compare our results to experiment we perform
model averages of the form factors themselves. The results
are plotted in Fig. 2 for the proton. One observes that the
slope of the electric form factor as obtained from our
calculation is closer to the PRad measurement [6] than to
that of the A1 collaboration [4]. The magnetic form factor,
on the other hand, agrees well with the A1 data. Moreover,
our estimates reproduce within their errors the experimental
results for the magnetic moments both of the proton and
of the neutron [72]. The plots for the neutron corresponding
to Fig. 2 in this Letter are contained in Fig. 7 of the
companion paper [48].
In Fig. 3, our results for the electromagnetic radii and

magnetic moment of the proton are compared to recent
lattice determinations and to the experimental values. We
note that the only other lattice result including disconnected
contributions is ETMC19 [39], which, however, has not
been extrapolated to the continuum and infinite-volume
limits. Our estimate for the electric radius is larger than the
results of Refs. [38–40], while Ref. [32] 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 consistent
values for the radii (cf. the companion paper [48]). For the
magnetic radius, our result agrees with that of Refs. [38,39]
within 1.2 combined standard deviations, while that of
Ref. [31] 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,

FIG. 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, and the green diamonds the corresponding data by PRad [6]. The experimental value of the magnetic
moment [72] is depicted by a red cross.

FIG. 3. Comparison of our best estimates for the electromag-
netic radii and the magnetic moment of the proton with
other lattice calculations, i.e., Mainz21 [41], ETMC20 [40],
ETMC19 [39], PACS19 [38], and CSSM/QCDSF/UKQCD14
[31,32]. Only ETMC19 and this Letter include disconnected
contributions. The Mainz21 values have been obtained by
combining their isovector results with the Particle Data Group
(PDG) values for the neutron [72]. We also show this estimate
using our updated isovector results (cf. the companion paper
[48]). The experimental value for μpM is taken from PDG [72]. The
two data points for

ffiffiffiffiffiffiffiffiffiffiffi
hr2Eip

p
depict the values from PDG [72]

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

ffiffiffiffiffiffiffiffiffiffiffiffi
hr2Mip

p
, on the other hand, show the reanalysis of

Ref. [24] either using the world data excluding that of Ref. [4]
(diamond) or using only that of Ref. [4] (square).
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General Info on Proton Charge Radius
• Proton charge radius (rp):

1. Spacial distribution of proton’s charge
2. Important for understanding how QCD works
3. Input to the bound state QED calculation for atomic 

hydrogen energy levels
4. Critical in determining Rydberg constant (𝑅!)

• Two well-established experimental methods:
1. e-p elastic scattering (nuclear physics)
2. Hydrogen spectroscopy (atomic physics)

Weizhi Xiong
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• Elastic ep scattering, in the limit of Born approximation 
(neglecting lepton mass ):

• Exploit ε dependency to separate 𝐺"
# and 𝐺$
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Unpolarized Lepton-Proton Elastic Scattering

Weizhi Xiong

Taylor expansion of GE at low Q2

Derivative at low Q2 limit 
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is given by

AeN ⌘ �+ � ��
�+ + ��

(10.1.12)

= PbeamPtarg [At sin ✓
⇤ cos�⇤ +A` cos ✓

⇤] ,
(10.1.13)

where Pbeam is the longitudinal electron beam polariza-
tion, Ptarg is the magnitude of the target nucleon polar-
ization, and the angles ✓⇤,�⇤ are defined in Fig. 10.1.3.
The asymmetries At and A` are given in terms of ⌧ , ✏,
and the form factor ratio r ⌘ GE/GM by:

At = �
r

2✏(1� ✏)

⌧

r

1 + ✏
⌧ r

2

A` = �
p
1� ✏2

1 + ✏
⌧ r

2
(10.1.14)

Equations (10.1.14) show that the sensitivity of the
double-spin asymmetry AeN to the form factor ratio is
generally highest when the target is polarized perpen-
dicular to the momentum transfer but parallel to the
scattering plane; i.e., along the x direction in Fig. 10.1.3.
Note also that the asymmetries are sensitive to the ratio
GE/GM , but not GE or GM separately. When the tar-
get is unpolarized, the longitudinally polarized electron
transfers polarization to the outgoing nucleon. The non-
vanishing components of the transferred polarization in
OPE are

Pt = PbeamAt

P` = �PbeamA` (10.1.15)

Here Pt and P` are the in-plane transverse and longi-
tudinal components of the recoil nucleon’s polarization,
respectively. The sign change of P` relative toA` reflects
the spin flip required to conserve angular momentum
when the nucleon absorbs a transversely polarized vir-
tual photon. The ratio Pt/P` is directly proportional to
the form factor ratio GE/GM :

GE

GM
= �Pt

P`

r
⌧(1 + ✏)

2✏
= �Pt

P`

Ee + E0
e

2M
tan

✓
✓e
2

◆

(10.1.16)

Measurements of the differential cross sections, Eq. (10.1.9),
and polarization observables, Eqs. (10.1.14) and (10.1.16),
in elastic eN scattering are the main source of knowl-
edge of the nucleon’s electromagnetic form factors, which
are among the most important precision benchmarks
for testing theoretical models of the nucleon. Moreover,
precise knowledge of these form factors is required for
the interpretation of many different experiments in nu-
clear and particle physics. In the next section, we sum-
marize the existing data on nucleon form factors.

10.1.3 Experimental data

Figures 10.1.4, 10.1.5, 10.1.6, and 10.1.7 summarize the
state of empirical knowledge of the proton electromag-
netic form factors, as of this writing. The proton form
factors Gp

E and Gp
M extracted from cross section mea-

surements, as well as the neutron magnetic form factors
Gn

M , can be described to within ⇡ 10% over most of the
measured Q2 range by Gp

E ⇡ Gp
M/µp ⇡ Gn

M/µn ⇡ GD,
where GD is the ”dipole” form factor defined as

GD =

✓
1 +

Q2

⇤2

◆�2

, (10.1.17)

with the scale parameter ⇤2 = 0.71 (GeV/c)2 defining
the so-called ”standard dipole”. The neutron electric
form factor Gn

E has a very different Q2 dependence;
since the neutron has zero net charge, Gn

E(0) = 0. Nev-
ertheless, the neutron rms charge radius has been deter-
mined with good precision via neutron-electron scatter-
ing length measurements (see Ref. [278] and references
therein). Existing measurements of Gn

E in quasi-elastic
electron scattering on bound neutrons in light nuclear
targets, shown in Fig. 10.1.6, exhibit a rapid rise with
Q2 to an appreciable fraction of GD (nearly ⇡ 50% at
the highest Q2 for which we have reliable Gn

E data).
Precise high-Q2 measurements of Gp

E/G
p
M using the

polarization transfer method revealed that Gp
E starts

falling much faster than GD above 1 (GeV/c)2, while
Gp

M/µp falls to about 70% of GD at the highest mea-
sured Q2 values. Reliable neutron form factor data only
reach Q2 ⇡ 3.4(4.5) (GeV/c)2 for Gn

E(G
n
M ), but signif-

icant expansions in the Q2 reach of the neutron data
are anticipated in the near future.

The three-dimensional Fourier transform ofGD gives
an exponentially decreasing charge density as a func-
tion of the radial distance from the center of the nu-
cleon, assuming a spherically symmetric density. The
mean square radius of the nucleon charge density is re-
lated to the slope of the electric form factor in the limit
Q2 ! 0:
⌦
r2E

↵
= �6

dGE

dQ2

����
Q2=0

(10.1.18)

For the standard dipole form factor, the implied charge
radius is

q
hr2EiD = 0.81 fm, which is in rough agree-

ment with modern, precise determinations of the proton
charge radius from electron scattering and the spec-
troscopy of electronic and muonic hydrogen. See Ref.
[2905] for a very recent, in-depth review of the experi-
mental and theoretical status of the proton charge ra-
dius.

• Directly measure 𝐺"
#/𝐺$

#  at a given Q2

• Combined with unpolarized cross section to separate 𝐺"
# and 𝐺$

#

• Ratio measurement, lots of cancellation for systematics
• Overcome several difficulties for unpolarized technique: 𝐺"

# at high Q2, radiative correction…  
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radius is
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For the standard dipole form factor, the implied charge
radius is

q
hr2EiD = 0.81 fm, which is in rough agree-

ment with modern, precise determinations of the proton
charge radius from electron scattering and the spec-
troscopy of electronic and muonic hydrogen. See Ref.
[2905] for a very recent, in-depth review of the experi-
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Polarized ep Elastic Scattering

Double polarization, 
asymmetry measurements

IT

Front chambers

Rear chambers

Carbon door

Figure 2-13: Layout of the Focal Plane Polarimeter.

asymmetry due to the scattering from carbon nuclei. The particle trajectories, in

particular the scattering angles in the carbon analyzer, are determined by the front

and rear chambers.

The front straw chambers are separated by about 114 cm, and are located before

and after the gas Cerenkov detector. The second chamber is followed by S2, which is

in turn followed by the FPP carbon analyzer. The rear chambers, chamber 3 and 4

are separated by 38 cm and are immediately behind the carbon analyzer.

The carbon analyzer consists of 5 carbon blocks. Each block is split in the middle

so that it can be moved in or out of the proton paths. The total thickness of the

carbon analyzer can be adjusted accounting for di↵erent proton momentum. The

block thicknesses, from front to rear are 9”, 6”, 3”, 1.5” and 0.75”. The block positions

are controlled through EPICS [142]. For this experiment, the proton momentum was

between 550 MeV/c and 930 MeV/c. We adjusted the carbon door thicknesses based

on a Monte Carlo simulation (see Fig. 2-14). The thicknesses of the carbon door used

for di↵erent kinematics are listed in Table 2.4.

The straw chambers include X, U, and V planes. The central ray defines the

z-axis. X wires are along the horizontal direction and measure position along the

dispersive direction. As illustrated in Fig. 2-15, the UV planes are oriented at 45�

100

Polarization transferred to final 
state proton
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Fig. 244 Standard coordinate system for nucleon polarization compo-
nents in elastic eN scattering. The arrow labeled P⃗ indicates the nucleon
polarization direction and illustrates the definitions of the angles θ∗ and
φ∗ between P⃗ and the momentum transfer q. The x or “t” (transverse)
axis is parallel to the reaction plane but perpendicular to the momen-
tum transfer. The y or “n” (normal) axis is perpendicular to the reaction
plane defined by n̂ ≡ q̂ × k̂. The z or “ℓ” (longitudinal) axis is along
the momentum transfer direction, which coincides with the outgoing
nucleon direction in the lab frame. The direction of the x axis is chosen
so that the Cartesian basis (x̂, ŷ, ẑ) is right-handed

As the use of electron scattering to investigate nuclear struc-
ture expanded during the 1960s and 1970s, and as the technol-
ogy to produce spin-polarized electron beams and nuclear tar-
gets was being developed and improved, several authors inde-
pendently developed the theory of spin-polarized elastic eN
scattering in the OPE approximation and examined the impli-
cations for future measurements of polarization observables
[2953–2956]. Nonzero asymmetries arise when the incident
electron beam is longitudinally polarized and either the target
nucleon is also polarized, or the recoil nucleon polarization
is measured, or both. Asymmetries involving transverse elec-
tron beam polarization are generally suppressed by factors of
me/Ee relative to longitudinal asymmetries, and while such
asymmetries have been measured and are interesting in their
own right, they are not ideal observables for measuring elec-
tromagnetic form factors, and they will not be considered
further in this section.

Figure 244 illustrates the “standard” coordinate system
used in most of the literature on polarized elastic eN scat-
tering. In the case where the target nucleon is polarized, the
asymmetry in the scattering cross section between positive
and negative electron beam helicities is given by

AeN ≡
σ+ − σ−
σ+ + σ−

(10.12)

= PbeamPtarg
[
At sin θ∗ cosφ∗ + Aℓ cos θ∗

]
, (10.13)

where Pbeam is the longitudinal electron beam polarization,
Ptarg is the magnitude of the target nucleon polarization, and
the angles θ∗,φ∗ are defined in Fig. 244. The asymmetries
At and Aℓ are given in terms of τ , ϵ, and the form factor ratio
r ≡ GE/GM by:

At = −
√

2ϵ(1− ϵ)

τ

r
1 + ϵ

τ r
2

Aℓ = −
√

1− ϵ2

1 + ϵ
τ r

2 . (10.14)

Equations (10.14) show that the sensitivity of the double-spin
asymmetry AeN to the form factor ratio is generally highest
when the target is polarized perpendicular to the momentum
transfer but parallel to the scattering plane; i.e., along the
x direction in Fig. 244. Note also that the asymmetries are
sensitive to the ratio GE/GM , but not GE or GM separately.
When the target is unpolarized, the longitudinally polarized
electron transfers polarization to the outgoing nucleon. The
nonvanishing components of the transferred polarization in
OPE are

Pt = PbeamAt

Pℓ = −PbeamAℓ. (10.15)

Here Pt and Pℓ are the in-plane transverse and longitudi-
nal components of the recoil nucleon’s polarization, respec-
tively. The sign change of Pℓ relative to Aℓ reflects the
spin flip required to conserve angular momentum when the
nucleon absorbs a transversely polarized virtual photon. The
ratio Pt/Pℓ is directly proportional to the form factor ratio
GE/GM :

GE

GM
= − Pt

Pℓ

√
τ (1 + ϵ)

2ϵ
= − Pt

Pℓ

Ee + E ′e
2M

tan
(
θe

2

)

(10.16)

Measurements of the differential cross sections, Eq. (10.9),
and polarization observables, Eqs. (10.14) and (10.16), in
elastic eN scattering are the main source of knowledge of
the nucleon’s electromagnetic form factors, which are among
the most important precision benchmarks for testing theoret-
ical models of the nucleon. Moreover, precise knowledge of
these form factors is required for the interpretation of many
different experiments in nuclear and particle physics. In the
next section, we summarize the existing data on nucleon form
factors.

10.1.3 Experimental data

Figures 245, 246, 247, 248 summarize the state of empir-
ical knowledge of the nucleon electromagnetic form fac-
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Fig. 244 Standard coordinate system for nucleon polarization compo-
nents in elastic eN scattering. The arrow labeled P⃗ indicates the nucleon
polarization direction and illustrates the definitions of the angles θ∗ and
φ∗ between P⃗ and the momentum transfer q. The x or “t” (transverse)
axis is parallel to the reaction plane but perpendicular to the momen-
tum transfer. The y or “n” (normal) axis is perpendicular to the reaction
plane defined by n̂ ≡ q̂ × k̂. The z or “ℓ” (longitudinal) axis is along
the momentum transfer direction, which coincides with the outgoing
nucleon direction in the lab frame. The direction of the x axis is chosen
so that the Cartesian basis (x̂, ŷ, ẑ) is right-handed
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tron beam polarization are generally suppressed by factors of
me/Ee relative to longitudinal asymmetries, and while such
asymmetries have been measured and are interesting in their
own right, they are not ideal observables for measuring elec-
tromagnetic form factors, and they will not be considered
further in this section.

Figure 244 illustrates the “standard” coordinate system
used in most of the literature on polarized elastic eN scat-
tering. In the case where the target nucleon is polarized, the
asymmetry in the scattering cross section between positive
and negative electron beam helicities is given by

AeN ≡
σ+ − σ−
σ+ + σ−

(10.12)

= PbeamPtarg
[
At sin θ∗ cosφ∗ + Aℓ cos θ∗

]
, (10.13)

where Pbeam is the longitudinal electron beam polarization,
Ptarg is the magnitude of the target nucleon polarization, and
the angles θ∗,φ∗ are defined in Fig. 244. The asymmetries
At and Aℓ are given in terms of τ , ϵ, and the form factor ratio
r ≡ GE/GM by:

At = −
√

2ϵ(1− ϵ)

τ

r
1 + ϵ

τ r
2

Aℓ = −
√

1− ϵ2

1 + ϵ
τ r

2 . (10.14)

Equations (10.14) show that the sensitivity of the double-spin
asymmetry AeN to the form factor ratio is generally highest
when the target is polarized perpendicular to the momentum
transfer but parallel to the scattering plane; i.e., along the
x direction in Fig. 244. Note also that the asymmetries are
sensitive to the ratio GE/GM , but not GE or GM separately.
When the target is unpolarized, the longitudinally polarized
electron transfers polarization to the outgoing nucleon. The
nonvanishing components of the transferred polarization in
OPE are

Pt = PbeamAt

Pℓ = −PbeamAℓ. (10.15)

Here Pt and Pℓ are the in-plane transverse and longitudi-
nal components of the recoil nucleon’s polarization, respec-
tively. The sign change of Pℓ relative to Aℓ reflects the
spin flip required to conserve angular momentum when the
nucleon absorbs a transversely polarized virtual photon. The
ratio Pt/Pℓ is directly proportional to the form factor ratio
GE/GM :

GE

GM
= − Pt

Pℓ

√
τ (1 + ϵ)

2ϵ
= − Pt

Pℓ

Ee + E ′e
2M

tan
(
θe

2

)

(10.16)

Measurements of the differential cross sections, Eq. (10.9),
and polarization observables, Eqs. (10.14) and (10.16), in
elastic eN scattering are the main source of knowledge of
the nucleon’s electromagnetic form factors, which are among
the most important precision benchmarks for testing theoret-
ical models of the nucleon. Moreover, precise knowledge of
these form factors is required for the interpretation of many
different experiments in nuclear and particle physics. In the
next section, we summarize the existing data on nucleon form
factors.

10.1.3 Experimental data

Figures 245, 246, 247, 248 summarize the state of empir-
ical knowledge of the nucleon electromagnetic form fac-
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the proton, representing the maximum fraction of the reduced
cross section carried by the electric term (at ✏ = 1). The central
value and uncertainty band of the curve are calculated from the
global fit of Ref. [1080]. The dashed line shows the ratio that
would be obtained under the assumption of form factor scaling
(Gp

M
= µpG

p

E
).

In the OPE approximation, ✏ can be interpreted as the
longitudinal polarization of the virtual photon [2895].
The electric and magnetic contributions to the scatter-
ing can be separated by measuring the cross section
while varying the beam energy and the scattering an-
gle in such a way as to hold Q2 constant while vary-
ing ✏, a technique known as Longitudinal/Transverse
(L/T) separation or Rosenbluth separation. The ”re-
duced” cross section

�R ⌘ ✏(1 + ⌧)
(d�/d⌦e)Measured
(d�/d⌦e)Mott

,

is linear in ✏, with slope (intercept) equal to G2
E (⌧G2

M ).
In the limit of very small Q2, corresponding to long-

wavelength virtual photons, the cross section behaves
as if the nucleon were a point particle of charge ze
(z = +1(0) for proton (neutron)) and magnetic moment
µ = (z + ) (in units of the nuclear magneton), with 
the anomalous magnetic moment. In this limit, the form
factors thus become GE(0) = z and GM (0) = z + .
For small but finite Q2 such that ⌧ ⌧ ✏G2

E/G
2
M , the

electric term dominates the cross section, and if target
recoil is neglected, Eq. (10.1.9) takes the same form as
Eq. (10.1.2), with GE ⌘ F (q). Thus, in the low-energy
limit, the electric form factor can be identified with the
Fourier transform of the charge density. Similar rea-
soning leads to an interpretation of GM as a Fourier
transform of the nucleon’s magnetization density.

The Rosenbluth formula (10.1.9) describes unpolar-
ized electron-nucleon scattering. At large values of Q2,
the magnetic term dominates the OPE cross section,
and the sensitivity of the Rosenbluth method to GE

z

x

y

P

*φ

*θ

k k'

p p'

Fig. 10.1.3 Standard coordinate system for nucleon polariza-
tion components in elastic eN scattering. The arrow labeled ~P
indicates the nucleon polarization direction and illustrates the
definitions of the angles ✓⇤ and �⇤ between ~P and the momen-
tum transfer q. The x or ”t” (transverse) axis is parallel to the
reaction plane but perpendicular to the momentum transfer.
The y or ”n” (normal) axis is perpendicular to the reaction
plane defined by n̂ ⌘ q̂ ⇥ k̂. The z or ”`” (longitudinal) axis is
along the momentum transfer direction, which coincides with
the outgoing nucleon direction in the lab frame. The direction
of the x axis is chosen so that the Cartesian basis (x̂, ŷ, ẑ) is
right-handed.

vanishes (see Fig. 10.1.2). As the use of electron scat-
tering to investigate nuclear structure expanded during
the 1960s and 1970s, and as the technology to produce
spin-polarized electron beams and nuclear targets was
being developed and improved, several authors inde-
pendently developed the theory of spin-polarized elas-
tic eN scattering in the OPE approximation and exam-
ined the implications for future measurements of polar-
ization observables [2896–2899]. Nonzero asymmetries
arise when the incident electron beam is longitudinally
polarized and either the target nucleon is also polarized,
or the recoil nucleon polarization is measured, or both.
Asymmetries involving transverse electron beam polar-
ization are generally suppressed by factors of me/Ee

relative to longitudinal asymmetries, and while such
asymmetries have been measured and are interesting
in their own right, they are not ideal observables for
measuring electromagnetic form factors, and they will
not be considered further in this section.

Figure 10.1.3 illustrates the ”standard” coordinate
system used in most of the literature on polarized elastic
eN scattering. In the case where the target nucleon is
polarized, the asymmetry in the scattering cross section
between positive and negative electron beam helicities

arXiv:2212.11107

https://arxiv.org/abs/2212.11107


Ordinary Hydrogen v.s. Muonic Hydrogen

Weizhi Xiong

• One can do this with ordinary hydrogen 
or muonic hydrogen

• Muon is ~200 times heavier than 
electron

• Orbit much closer to proton, more 
sensitive to proton size

Proton finite size effect in 2S-2P: 2% in 𝜇H, 0.015% in H
6
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PRad Experiment at Jefferson Lab

Weizhi Xiong
10

Add arc

Add 5 
cryomodules

Add 5 
cryomodules

20 cryomodules

20 cryomodules

Upgrade arc magnets 
and supplies

CHL 
upgrade

• Thomas Jefferson National 
Accelerator Facility (JLab), 
Newport News, VA

• Data taking May/June 2016, 1.1 
GeV and 2.2 GeV e beams



PRad Experimental Apparatus

Weizhi Xiong
11

Large acceptance, small angle and non-spectrometer apparatus



PRad Experimental Apparatus

Weizhi Xiong
12

Electron 
Beam

Large acceptance, small angle and non-spectrometer apparatus



PRad Experimental Apparatus

• Two large area 
GEM detectors

• Small overlap 
region in the 
middle

• Excellent position 
resolution (72 µm)

Weizhi Xiong
13

Large acceptance, small angle and non-spectrometer apparatus



PRad Experimental Apparatus

• Hybrid EM calorimeter 
(HyCal)
• Inner 1156 PbWO4 

modules
• Outer 576 lead glass 

modules

• Scattering angle 
coverage:  ~ 0.7˚ to 7.0˚

• Full azimuthal angle 
coverage

• High resolution and 
efficiency

Weizhi Xiong
14

Large acceptance, small angle and non-spectrometer apparatus



PRad Experiment at Jefferson Lab

Weizhi Xiong
15

• Large acceptance:
• Measure multiple Q2 data 

points simultaneously
• Measure ep and ee scattering 

at the same time

Non-spectrometer apparatus



PRad Experiment at Jefferson Lab

Weizhi Xiong
16

Non-spectrometer apparatus
• Small scattering angle (0.5o-7.5o):

• Unprecedented low Q2 (~2x10-4 GeV2)
• Minimize 𝐺$

#  contribution

Mainz low Q2 data set
Phys. Rev. C 93, 065207, 2016



PRad Experiment at Jefferson Lab

Weizhi Xiong
17

𝑟# = 0.831 +/- 0.007 (stat.) +/- 0.012 (syst.) fm

Nature 575 (2019) 7781

Non-spectrometer apparatus
• Numerous functional forms tested with wide range of GE

parameterizations, using PRad kinematic range and 
uncertainties: X. Yan et al. Phys. Rev. C98, 025204 (2018)

• Rational (1,1), 2nd order z transformation and 2nd order 
continuous fraction identified as robust fitters with 
reasonable uncertainties

Rational (1,1):
1 + 𝑝!𝑄"

1 + 𝑝"𝑄"
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Highlights of Future Lepton Scattering Experiments
• MUSE exp. at PSI

Ø First rp measurement using muon
Ø 4 types of incident leptons: 𝑒± and 𝜇±

• AMBER exp. at CERN
Ø 100 GeV muon beam, detecting scattered muon and 

recoiled proton
Ø Ultra-small scattering angle, minimize GM
Ø Smaller RC for muon

• Prad-II exp. at JLab
Ø ultra-precise rp measurement (~4 times smaller 

uncertainty than PRad)

• PRES exp. at Mainz
Ø detecting both scattered electron and recoiled proton

• MAGIX exp. at Mainz
Ø Using jet target

• ULQ2 exp. at Tohoku University, Japan
Ø Normalize to the well-known e-12C cross section 18

WX and Chao Peng (彭潮) Universe 9 (2023) 4, 182

Muon scattering

Electron scattering



PRad-II Experiment
• JLab PAC 48 approved PRad-II (PR12-20-004) with the highest scientific rating “A”
• Goal: reach ultra-high precision (~4 times smaller total uncertainty), resolve tension 

between modern e-p scattering results
Ø Additional new GEM plane
Ø Full DAQ and readout system upgrade
Ø New scintillating detector, help reaching Q2~10-5 GeV2

Weizhi Xiong
19



New 
GEM

PRad
GEM

HyCal

Vacuum chamber

PRad-II Experiment
• Adding tracking capacity (second GEM 

plane)
Ø Improve GEM efficiency measurement

Weizhi Xiong
20

Significantly 
reduce GEM eff. 
uncertainty using 
another GEM

Bin-by-bin method: taking the ep/ee ratio within the 
same angular bin
Good: Detector acc. and eff. cancal at leading order
Bad: Easily introduce Q2-dependent syst. from Moller

Integrated Moller method: select ee in an angular 
range, and use it to normalize all ep
Good: Not limited by Moller acceptance, Moller uncertainty 
only affect normalization
Bad: Need accurate GEM efficiency measurement



New 
GEM

PRad
GEM

HyCal

Vacuum chamber

PRad-II Experiment
• Adding tracking capacity (second GEM 

plane)
Ø Improve GEM efficiency measurement
Ø Vertex-z reconstruction for ep to reject 

upstream background

Weizhi Xiong
21Reconstructed scattering angle [deg]
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PRad-II Experiment

Weizhi Xiong
22

• 4 new GEM chambers to assemble 2 tracking 
layers. 
Ø Detector fabrication expected to be 

finished for all GEM parts, by March 
2025. 

Ø All readout electronics ordered, expected 
by this November. 

Ø Will be ready for installation and testing 
by mid- spring, 2025. 

14

PRad-II Experimental Setup Preparation Status: 
   4 New Scintillator Detectors to Reach the Q2=10-5 GeV2 Range     

CLAS col. meeting, June 28, 2024

§ 4 small scintillator detectors placed next to the H2 gas flow 
target chamber.

§ Size: 4 x 6 x 0.3 cm3

§ Remotely movable perpendicular to the beam direction.

§ Conceptual design by Y. Sharabian: completed.
§ Engineering design by C. Guthrie: in progress.

§ Manufacturing: by Spring, 2025
§ Estimated time for test in beamline: Summer, 2025. 

• 4 movable scintillator detectors placed 
next to the H2 gas flow target chamber. 
Ø Conceptual design done, 

engineering design in progress
Ø Manufacturing: by Spring, 2025 
Ø Estimated time for test in beamline: 

Summer, 2025. 
SOLIDWORKS Educational Product. For Instructional Use Only.

Figure 4.16: The reconstructed energy as a function of the reconstructed scattering
angle for (a) 1.1 GeV and (b) 2.2 GeV data sets. The solid lines show the kinematic
cuts for the elastic e� p and e� e event selections.

2.2 GeV e�p kinematic cuts were chosen to be asymmetric for the Pb-glass detectors

(from -2 to 4 �det) for most of their angular coverage. The cut is slightly wider (from

-2.5 to 4 �det) for the last two angular bins (scattering angle > 5.6�) due to a worse

energy calibration in the area. This will reduce the sensitivity of the results on the

systematic uncertainties associated with the energy calibration, various modelings in

the simulation for the HyCal response and so on.

The range of the scattering angle for an e� p event is from 0.70� to 7.00� for the

2.2 GeV data set, limited by the HyCal angular acceptance. For the 1.1 GeV data set,

the minimum scattering angle is 0.75� because below this angle, the elastic e� p and

e� e peaks start to merge and the distance between the two peaks becomes less than

6� of HyCal energy resolution (3� kinematic cuts were used for the event selection for

the 1.1 GeV data set). For the e�e elastic scattering events, since the detector setup

was able to detect both scattered electrons at the same time, it would be better to use

the double-arm Møller events as they would have less contaminations from various

backgrounds. The angular range for the 2.2 GeV Møller selection is from 0.70� to

87



Preparation of PRad-II Experiment

23

13

PRad-II Experimental Setup Preparation Status: 
                    HyCal Tests in ECB Building

CLAS col. meeting, June 28, 2024

§ We plan to test and repair all HyCal channels (~1600) in 
      ECB building:

Ø with cosmic rays;
Ø with Light Monitoring System (LMS) 
Ø check optical contacts

§ HyCal was recently re-positioned (in last week), the area was 
cleared, and ready to start the work.

§ Planned to finish all tests during this summer/fall period.

12

PRad-II Experimental Setup Preparation Status: 
                    DAQ and Readout Electronics, re-cabling and installation

CLAS col. meeting, June 28, 2024

§ All FASTBUS crates with power supplies are removed from electronics rocks.

§ Re-termination of HyCal signal cables (RG58) with Lemo connectors in progress.

§ Channel-by-channel testing is in progress.

§ New 5 VXS crates is planned to install in next few weeks.

• All FASTBUS crates with power supplies removed

• 5 new VXS crates is planned to install in next few weeks 

• HyCal recently re-positioned and refurbishing on-going

• Planned to finish all tests by end of this year



Preparation of PRad-II Experiment

24

Target Moved to Experimental Staging Building (ESB)

Main Vessel 
and details

Control Rack 
and details

Contral rack

Ø PRad target system and contral rack moved to the 
experimental staging building

Ø Performing test and getting ready for the experiment

Main target vessel



Other Experiments with PrimEx/PRad Setup

25

9

7/9/2024 PAC52                                     B.Wojtsekhowski slide 17

Belle-II recent analysis invisible decay
arXiv:2212.03066v3 

= 
e 

e+e  - ->  g + A’ with invisible decay of A’

Good mass resolution for mA < 0.1 GeV is hard to get

17

Current summary of A’ invisible decay

7/9/2024 PAC52                                     B.Wojtsekhowski slide 18
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Precision Measurement of the 
Neutral Pion Transition Form 

Factor 
Rate A-, 67 days

A Direct Detection Search for 
Hidden Sector New Particles in 

the 3-60 MeV Mass Range 
Rate A, 60 days

A Dark Photon Search with a 
JLab Positron Beam 

Rate A-, 55 days



Summary

• Puzzle considered partially resolved, but many problems remain
ØTensions between some new H spec. results
ØForm factor difference between PRad and Mainz data
ØNew physics may still be there

• Many future experiments on proton charge radius and form factors, and push 
precision frontier 

• New uH measurement for 1S HFS, 2S-2P transition…
• First rp  measurement using muon scattering: MUSE and AMBER
• PRad-II experiment with 𝛿%~0.0036 fm, aim to be most precise scattering result, new search for 

lepton-universality violation
• Ready for ERR review in Spring 2025
• Experiment ready to run from Fall 2025

Weizhi Xiong
26



PRad/PRad-II Collaboration

Weizhi Xiong
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• One of the methods for form factor extraction is the 
well know Rosenbluth separation:

• Measure 𝜎reduced at same Q2 but different values of 𝛜
• 𝐺%

&	and 𝐺'
& 	determined as slope and intersection 

from fits
C. F. Perdrisat, V. Punjabi and M. Vanderhaeghen, 
Prog. Part. Nucl. Phys. 59, 694 (2007) 

𝐺! =
1

(1 + 𝑄"
0.71Gev")

"

Weizhi Xiong

Extracting Form Factors

29



Unpolarized ep Elastic Scattering

Measurements @ Mainz

• Large amount of overlapping data sets
• Statistical error  ≤ 0.2%
• Luminosity monitoring with spectrometer
• Q2 = 0.004 – 1.0 (GeV/c)2 
• result: rp =0.8791(79) fm

J.C. Bernauer et al. PRL. 105 (2010) 242001

Weizhi Xiong
30



Hydrogen Spectroscopy

Weizhi Xiong

• Physics origin of the 
proton finite size 
effect:

Ø S-state wavefunction 
has overlap with the 
proton

G. Miller PRC 99 035202 (2019)

31



Weizhi Xiong
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transition frequencies ν1 (blue arrow) from the 2Sð1Þ state
to field-insensitive k ¼ 0 Stark states of principal quantum
number n ¼ 20 and 24 in the presence of intentionally
applied electric fields of strength F . The figure depicts the
structure of n ¼ 1 and n ¼ 2, j ¼ 1=2 states that is
accurately known from measurements of the 2Sð1Þ −
1Sð1Þ (ν4) [15,18], the 2S hyperfine (ν2) [29], the 1S
hyperfine (ν5) [30], and the 2Sð0Þ − 2P1=2ð1Þ (ν3) [22]
intervals. The ionization energy of the H 1Sð0Þ ground state
is given by

ν1Sð0Þi ¼ ν1 þ ν4 þ ν5 þ jδνðnÞStarkðF Þj

þ jδνð2ÞStarkðF Þjþ c
R∞

n2
μ
me

; ð1Þ

where μ is the reduced mass [ðmempÞðme þmpÞ−1],
δνð2ÞStarkðF Þ are the Stark shifts of the 2SðfÞ states (see

Fig. 6 of Ref. [28]), and δνðnÞStarkðF Þ are the field-dependent
shifts of the n, k ¼ 0 Rydberg-Stark states from the
corresponding Bohr energy. The Rydberg frequency
cR∞ can be determined using

cR∞

!"
1

4
−

1

n2

#
μ
me

þ jδð2Þrel;QEDj
$

¼ ν1 þ ν2 þ ν3 þ jδνðnÞStarkðF Þjþ δνð2ÞStarkðF Þ; ð2Þ

where the first term on the left-hand side is Balmer’s
formula [31] and cR∞δ

ð2Þ
rel;QED (green bar in Fig. 1)

corresponds to the shift of the 2P1=2ð1Þ level from the
n ¼ 2 Bohr energy, i.e., −13 679 071.1 kHz [2,32].
Because δνð2ÞStarkðF Þ, δνðnÞStarkðF Þ, and δð2Þrel;QED are accurately
calculable (see below) and insensitive to the value of rp, a
measurement of ν1 in combination with Eq. (3) offers a way
to determine R∞ that is not affected by the correlation
between rp and R∞.
The experimental setup is depicted schematically in

Fig. 2 and is described in Refs. [28,33]. The measurements
are carried out at a repetition rate of 25 Hz with a pulsed
doubly skimmed supersonic beam of H atoms generated by
a cryogenic pulsed valve equipped with a dielectric-barrier
discharge. The H-beam characteristics are presented in
Ref. [33]. Its narrow transverse-velocity ðvx; vyÞ distribu-
tion corresponds to a temperature of 40 μK, and the
average beam velocity ðvzÞ can be adjusted from 1000
to 1700 ms−1 by changing the valve temperature between
40 and 160 K.
The Rydberg states of H are accessed in a two-step

process in a magnetically shielded photoexcitation region.
First, the hyperfine-resolved 2S–1S two-photon transition
is induced by the pulse-amplified and frequency-tripled
243-nm output of a cw Ti:sapphire ring laser operated at
729 nm. The long-lived 2S atoms are then excited to

FIG. 1. Energy-level diagram of the j ¼ 1=2 states of the n ¼ 1
and 2 manifolds of H and schematic structure of the high-n
Rydberg states. The field-dependent energy shift δνðnÞStarkðF Þ of the
n ¼ 20 and 24, k ¼ 0, jmlj ¼ 1 Stark states are depicted as
orange lines. The field strength is given in V=cm. The inset shows
their substructure.

FIG. 2. Schematic representation of the experimental setup with
the vacuum chamber comprising the supersonic-beam source and
the photoexcitation region (left) and the main components of the
laser system (right) (SHG, second harmonic generation; l, lens
assembly; m, retroreflecting mirror; MCP, microchannel-plate
detector; HV, high-voltage).

PHYSICAL REVIEW LETTERS 132, 113001 (2024)

113001-2

transition frequencies ν1 (blue arrow) from the 2Sð1Þ state
to field-insensitive k ¼ 0 Stark states of principal quantum
number n ¼ 20 and 24 in the presence of intentionally
applied electric fields of strength F . The figure depicts the
structure of n ¼ 1 and n ¼ 2, j ¼ 1=2 states that is
accurately known from measurements of the 2Sð1Þ −
1Sð1Þ (ν4) [15,18], the 2S hyperfine (ν2) [29], the 1S
hyperfine (ν5) [30], and the 2Sð0Þ − 2P1=2ð1Þ (ν3) [22]
intervals. The ionization energy of the H 1Sð0Þ ground state
is given by

ν1Sð0Þi ¼ ν1 þ ν4 þ ν5 þ jδνðnÞStarkðF Þj

þ jδνð2ÞStarkðF Þjþ c
R∞

n2
μ
me

; ð1Þ

where μ is the reduced mass [ðmempÞðme þmpÞ−1],
δνð2ÞStarkðF Þ are the Stark shifts of the 2SðfÞ states (see

Fig. 6 of Ref. [28]), and δνðnÞStarkðF Þ are the field-dependent
shifts of the n, k ¼ 0 Rydberg-Stark states from the
corresponding Bohr energy. The Rydberg frequency
cR∞ can be determined using

cR∞

!"
1

4
−

1

n2

#
μ
me

þ jδð2Þrel;QEDj
$

¼ ν1 þ ν2 þ ν3 þ jδνðnÞStarkðF Þjþ δνð2ÞStarkðF Þ; ð2Þ

where the first term on the left-hand side is Balmer’s
formula [31] and cR∞δ

ð2Þ
rel;QED (green bar in Fig. 1)

corresponds to the shift of the 2P1=2ð1Þ level from the
n ¼ 2 Bohr energy, i.e., −13 679 071.1 kHz [2,32].
Because δνð2ÞStarkðF Þ, δνðnÞStarkðF Þ, and δð2Þrel;QED are accurately
calculable (see below) and insensitive to the value of rp, a
measurement of ν1 in combination with Eq. (3) offers a way
to determine R∞ that is not affected by the correlation
between rp and R∞.
The experimental setup is depicted schematically in

Fig. 2 and is described in Refs. [28,33]. The measurements
are carried out at a repetition rate of 25 Hz with a pulsed
doubly skimmed supersonic beam of H atoms generated by
a cryogenic pulsed valve equipped with a dielectric-barrier
discharge. The H-beam characteristics are presented in
Ref. [33]. Its narrow transverse-velocity ðvx; vyÞ distribu-
tion corresponds to a temperature of 40 μK, and the
average beam velocity ðvzÞ can be adjusted from 1000
to 1700 ms−1 by changing the valve temperature between
40 and 160 K.
The Rydberg states of H are accessed in a two-step

process in a magnetically shielded photoexcitation region.
First, the hyperfine-resolved 2S–1S two-photon transition
is induced by the pulse-amplified and frequency-tripled
243-nm output of a cw Ti:sapphire ring laser operated at
729 nm. The long-lived 2S atoms are then excited to

FIG. 1. Energy-level diagram of the j ¼ 1=2 states of the n ¼ 1
and 2 manifolds of H and schematic structure of the high-n
Rydberg states. The field-dependent energy shift δνðnÞStarkðF Þ of the
n ¼ 20 and 24, k ¼ 0, jmlj ¼ 1 Stark states are depicted as
orange lines. The field strength is given in V=cm. The inset shows
their substructure.

FIG. 2. Schematic representation of the experimental setup with
the vacuum chamber comprising the supersonic-beam source and
the photoexcitation region (left) and the main components of the
laser system (right) (SHG, second harmonic generation; l, lens
assembly; m, retroreflecting mirror; MCP, microchannel-plate
detector; HV, high-voltage).
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(turquoise dot with double error bars) following the
procedure described in Ref. [2].
The 2S–2P3=2 transitions in muonic hydrogen (μH) [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 to R∞ and not to
rp. The two determinations are thus independent of the
correlation between R∞ 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 ν1Sð0Þi , is that they were
obtained from spectra of the H atom and indirectly confirm
the rp value obtained in the μH experiments [16,17]
through the R∞ 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 μH. 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
ðR∞; rpÞ values given by the orange dot in Fig. 4 and
obtained by combining the results of the measurements of
the 2S–1S transition in H [15,18] and the Lamb-shift in
μH [16,17].
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Appendix A: On the measured transition frequencies
and their uncertainties.—Figure 5(a) presents the
corresponding ionization frequencies ν2Sð1Þi obtained
from the n ¼ 20–2Sð0Þ (blue), n ¼ 20–2Sð1Þ (orange),
and n ¼ 24–2Sð1Þ (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∞, rp) values from transition frequen-
cies in H [20–24] since 2010 relative to the values reported in
Tiesinga et al. [2], in units of the CODATA 2018 uncertainties.
The covariance ellipses with the 1σ, 2σ, and 3σ 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 for rp or
R∞, respectively.

(a) (b) (c)

FIG. 5. (a) Ionization frequencies ν2Sð1Þi obtained from the frequencies νð20 ← 22S01=2Þ (blue), νð20 ← 22S11=2Þ (orange), and
ð24 ← 22S11=2Þ (green). (b),(c) Dependence of the ionization frequency on the electric field strength F (b) and on the Doppler shift νD
(c) (see text for details).
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