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What physical characteristics describe an object?



2

What physical characteristics describe an object?

Color

Shape Weight

Temperature Surface
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How to describe the proton?
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Studying the proton with electron scattering

e−

e−

γ

• Powerful method used since the 1950s

• Electrons are abundant, easy to control 

and detect

• Typical to assume Born approximation


• Scattering mediated by single virtual 
photon


• Clean separation of (known) lepton 
vertex from (unknown) hadronic vertex
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Proton response function
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Figure 1.8: Schematic nucleon and nucleus responses to a leptonic probe.

QE peak for nuclei compared to the elastic peak for lepton-nucleon scattering is due to the
Fermi motion of the nucleons.

Between the coherent and the QE peak lies the giant resonance (GR) region. These excita-
tions occur when the neutrino interacts with a single nucleon, but due to long-range nuclear
correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,
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Today’s roadmap

• Elastic scattering:

• Proton form factor ratio and 

multi-photon exchange

• Proton weak charge
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Figure 1.8: Schematic nucleon and nucleus responses to a leptonic probe.

QE peak for nuclei compared to the elastic peak for lepton-nucleon scattering is due to the
Fermi motion of the nucleons.

Between the coherent and the QE peak lies the giant resonance (GR) region. These excita-
tions occur when the neutrino interacts with a single nucleon, but due to long-range nuclear
correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,
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interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by
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where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
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the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
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cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
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QE peak for nuclei compared to the elastic peak for lepton-nucleon scattering is due to the
Fermi motion of the nucleons.
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tions occur when the neutrino interacts with a single nucleon, but due to long-range nuclear
correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,
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Figure 1.8: Schematic nucleon and nucleus responses to a leptonic probe.

QE peak for nuclei compared to the elastic peak for lepton-nucleon scattering is due to the
Fermi motion of the nucleons.

Between the coherent and the QE peak lies the giant resonance (GR) region. These excita-
tions occur when the neutrino interacts with a single nucleon, but due to long-range nuclear
correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,
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QE peak for nuclei compared to the elastic peak for lepton-nucleon scattering is due to the
Fermi motion of the nucleons.

Between the coherent and the QE peak lies the giant resonance (GR) region. These excita-
tions occur when the neutrino interacts with a single nucleon, but due to long-range nuclear
correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,
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QE peak for nuclei compared to the elastic peak for lepton-nucleon scattering is due to the
Fermi motion of the nucleons.

Between the coherent and the QE peak lies the giant resonance (GR) region. These excita-
tions occur when the neutrino interacts with a single nucleon, but due to long-range nuclear
correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,
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correlations, the energy transfer is shared among the nuclear constituents and the nucleus
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correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
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correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
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cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,

ω

JLab



8

Elastic cross section

( dσ
dΩ )Mott

=
4Z2α2E′￼2

Q4

E′￼

E (1 − β2 sin2 θ
2 )

e−

e−

γ

≈
4Z2α2E′￼2

Q4

E′￼

E
cos2 θ

2

Momentum transfer squared


Q2 = − q2 = 4EE′￼sin2 θ
2

Structureless (pointlike) target



8

Elastic cross section

( dσ
dΩ )Mott

=
4Z2α2E′￼2

Q4

E′￼

E (1 − β2 sin2 θ
2 )

e−

e−

γ

≈
4Z2α2E′￼2

Q4

E′￼

E
cos2 θ

2

dσ
dΩ

= ( dσ
dΩ )Mott

εG2
E(Q2) + τG2

M(Q2)
ε(1 + τ)

Momentum transfer squared


Q2 = − q2 = 4EE′￼sin2 θ
2

Structureless (pointlike) target

τ = Q2/4M2 ε = (1 + 2(1 + τ)tan2 θ
2 )

−1

Extended target



9

dσ
dΩ

= ( dσ
dΩ )Mott

εG2
E(Q2) + τG2

M(Q2)
ε(1 + τ)

• Structure parameterized with electric and magnetic form factors 
 Fourier transforms of charge and current densities


 
 

 

→

G(q) = ∫ ρ(x)eiq⋅x d3x

Elastic cross section



9

dσ
dΩ

= ( dσ
dΩ )Mott

εG2
E(Q2) + τG2

M(Q2)
ε(1 + τ)

• Structure parameterized with electric and magnetic form factors 
 Fourier transforms of charge and current densities


 
 

 

→

G(q) = ∫ ρ(x)eiq⋅x d3x

|G(q2)|

Elastic cross section



9

dσ
dΩ

= ( dσ
dΩ )Mott

εG2
E(Q2) + τG2

M(Q2)
ε(1 + τ)

• Structure parameterized with electric and magnetic form factors 
 Fourier transforms of charge and current densities


 
 

 

→

G(q) = ∫ ρ(x)eiq⋅x d3x

|G(q2)|

Elastic cross section

Low  expansion:
Q2

⟨r2⟩ ≈ − 6
dG(Q2)

dQ2
Q2=0



10

Proton form factors from Rosenbluth separation
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• Method employed since 1960s

• Reduced cross section: 
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E(Q2) + τG2

M(Q2)

3

multiple scattering of the proton, and radiative correc-
tions [8]. The resolution of the simulation has been mod-
ified to reproduce the small non-gaussian tails observed
in the data. These are matched to the coincidence data,
taken for two beam energies at Q2=2.64 GeV2, where the
background contributions that dominate the singles spec-
trum at large |δp| values are strongly suppressed. The
resolution of the elastic peak is dominated by the angu-
lar resolution. The greater width at large ε is due to the
increased sensitivity of proton momentum to scattering
angle.

Also shown in Fig. 1 is the decomposition of the back-
ground into two components. The background that ex-
tends to high δp is due to quasielastic scattering and
other reactions in the target walls. The other background
is mainly due to γp → π0p events, with a small (1–4%)
contribution from γp → γp. The spectrum from these re-
actions was modeled using a calculated bremsstrahlung
spectrum and an s−7 cross section dependence. Because
of the finite pion mass, the proton spectrum from pion
photoproduction cuts off approximately 10 MeV below
the elastic peak. For small proton angles, where we have
the best resolution, the background from pion photopro-
duction can be cleanly separated from the elastic protons
while at large angles the background becomes small. The
correction to the elastic cross section due to contributions
from the target walls is approximately 10%, while the in-
elastic processes from hydrogen contribute less than 2%.

Because the thicknesses are different for the LH2
and dummy targets, the bremsstrahlung yields are also
slightly different. We use the dummy data to determine
the shape of the endcap contributions, but normalize the
contribution to the LH2 spectrum at large δp, where the
contribution from the hydrogen is negligible. While the
shape of the bremsstrahlung spectrum differs slightly be-
tween the dummy and LH2 targets, the effect is only
noticeable near the endpoint. The small uncertainty due
to the difference in shape is taken into account in the
systematic uncertainties.

After removing the background due to the endcaps,
the simulated π0 photoproduction spectra were normal-
ized to the low-momentum sides of the δp spectra (taking
into account the elastic radiative tail). Removing this
background yields clean spectra of elastic events which
are then compared to the elastic simulation. The elastic
cross section is taken to be the value used in the simula-
tion, scaled by the ratio of counts in the data to counts
in the simulated spectrum.

The proton yield is corrected for deadtime in the data
acquisition system (10–20%, measured to better than
0.1%) as well as several other small inefficiencies. Cor-
rections for tracking efficiency, trigger efficiency, and par-
ticle identification cuts (using the aerogel Cerenkov de-
tector) were small (<2%) and independent of ε. Finally,
we required a single clean cluster of hits in each drift
chamber plane to avoid events where the resolution is

FIG. 2: (Color online) Reduced cross sections as a function of
ε. The solid line is a linear fit to the reduced cross section, the
dashed line shows the slope predicted from a global analysis of
previous Rosenbluth results [9], and the dotted line shows the
slope predicted by the polarization transfer experiments [6].

worsened by noise in the chambers. This significantly re-
duced the non-gaussian tails in the reconstructed quan-
tities, but led to an inefficiency of roughly 7%, with a
small (0.25%) ε dependence, possibly related to the small
variation of rate with ε. We corrected the yield for the
observed inefficiency and applied a 100% uncertainty on
the ε-dependence of the correction.

The absolute uncertainty on the extracted cross sec-
tions is approximately 3%, dominated by the uncertainty
in the angular acceptance (2%), the radiative corrections
(1%), corrections for proton absorption in the target and
detector stack (1%), the subtraction of endcap and inelas-
tic processes (1%), and the uncertainty in the integrated
luminosity (1%). We apply a tight cut on the solid angle,
using only the data in the central 1.6 msr of the total ≈6
msr acceptance. These tight cuts limit the elastic data
to the region of 100% acceptance, but lead to the rela-
tively large uncertainty in the size of the software-defined
solid angle. Because the solid angle is identical for all ε
values at each Q2, this uncertainty affects the absolute
cross section, but not the extraction of GE/GM .

The largest point-to-point uncertainties, where the er-
ror can differ at different ε values, are related to the
tracking efficiency (0.2%), uncertainty in the scattering
angle (0.2%), the subtraction of the inelastic proton back-
grounds (0.2%), and the radiative corrections (0.2%).
The total point-to-point systematic uncertainty is 0.45%,
and the typical statistical uncertainty varies from 0.25%
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Proton form factor ratio from polarization transfer

• Pioneered at JLab in the 2000s


• Longitudinally polarized electrons on 
unpolarized protons


• Polarization transferred to the proton


• Detect components of recoil proton polarization 
 (relative to )


• Ratio of transverse/longitudinal components 
directly gives form factor ratio: 
 

P q

GE

GM
= −

Pt

Pℓ

τ(1 + ε)
2ε

e−

q P

Pℓ

Pt

Scattered 
electron

Recoil 
proton
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Different methods show  discrepancy in form factor ratio
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Beyond the Born approximation

TPE can be measured through an asymmetry

between e+p and e�p scattering.

M = + +O(↵3)

� ⇡ |M|2 =

�������

�������

2

± 2Re





 +O(↵4)

�e+p
�e�p

⇡ 1+
4Re{M2�M1�}

|M1� |
2

9

• Single-photon exchange useful picture

• But…this never happens!

• Many higher-order QED contributions 

to scattering process
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Beyond the Born approximation

The one “missing” radiative correction

is hard two-photon exchange.
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“Radiative corrections” :  
calculate theoretically, subtract from experimental cross section
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Missing radiative correction: hard two-photon exchange
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4

• Hard: both photons carry significant 
four-momentum


• Unlike other radiative processes, the 
hadronic vertex does not factorize


• Intrinsically depends on internal 
structure of the proton!
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Calculation of hard TPE model-dependent
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Calculation of hard TPE model-dependent

Calculations of two-photon exchange come with

model dependency.

Hadronic Approaches

Treat o↵-shell propagator as collection of hadronic states.
e.g. Ahmed, Blunden, Melnitchouk, PRC 102, 045205 (2020)

N, �, N*, ...

Partonic

Approaches

Treat interaction of �� with quarks, distributed by GPDs.
e.g. A. Afanasev et al., PRD 72, 013008 (2005)

Phenomenology

Assume the discrepancy is caused by TPE, estimate the e↵ect.
e.g. A. Schmidt, JPG 47, 055109 (2020)

Alternate Approaches

e.g., E. A. Kuraev et al., Phys. Rev. C 78, 015205 (2008)

5

• Sum over intermediate hadronic states 
e.g. Ahmed, Blunden, Melnitchouk  
PRC 102, 045205 (2020)


• 3 GeV2. Q2 ≲

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205


16

Calculation of hard TPE model-dependent

Calculations of two-photon exchange come with

model dependency.

Hadronic Approaches

Treat o↵-shell propagator as collection of hadronic states.
e.g. Ahmed, Blunden, Melnitchouk, PRC 102, 045205 (2020)

N, �, N*, ...

Partonic

Approaches

Treat interaction of �� with quarks, distributed by GPDs.
e.g. A. Afanasev et al., PRD 72, 013008 (2005)

Phenomenology

Assume the discrepancy is caused by TPE, estimate the e↵ect.
e.g. A. Schmidt, JPG 47, 055109 (2020)

Alternate Approaches

e.g., E. A. Kuraev et al., Phys. Rev. C 78, 015205 (2008)

5

• Sum over intermediate hadronic states 
e.g. Ahmed, Blunden, Melnitchouk  
PRC 102, 045205 (2020)


• 3 GeV2. Q2 ≲

Calculations of two-photon exchange come with

model dependency.

Hadronic Approaches

Treat o↵-shell propagator as collection of hadronic states.
e.g. Ahmed, Blunden, Melnitchouk, PRC 102, 045205 (2020)

Partonic Approaches

Treat interaction of �� with quarks, distributed by GPDs.
e.g. A. Afanasev et al., PRD 72, 013008 (2005)

GPDs

Phenomenology

Assume the discrepancy is caused by TPE, estimate the e↵ect.
e.g. A. Schmidt, JPG 47, 055109 (2020)

Alternate Approaches

e.g., E. A. Kuraev et al., Phys. Rev. C 78, 015205 (2008)

6

• Treat as  interaction with quarks described 
by generalized parton distributions 
e.g. Afanasev et al. PRD 72, 013008 (2005)


• 5 GeV2. 

γγ

Q2 ≳

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.045205
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.013008
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TPE could resolve  discrepancyμGE /GM

attempt to represent the effect of the error bars which can
be postponed to a more complete reanalysis of the data.
The solution of Eqs. (17) and (18) for the ratio Yexp

2! is
shown in Fig. 3 where we can see that, as expected, it is
essentially flat as a function of " and small, of the order of
a few percent. Thus, a tiny correction allows the Rosen-
bluth and the polarization method to give the same value
for j ~GGEj=j ~GGMj. It is reasonable to think that "GE ! ~GGE "
GE and "GM ! ~GGM "GM are comparable to Yexp

2! , and
therefore j ~GGEj=j ~GGMj should not be very different from the
actual value of GE=GM. So it makes sense to compare the
value we get for Rexp

1!#2! ! j ~GGEj=j ~GGMj with the starting
experimental ratios Rexp

Rosenbluth and Rexp
polarization. This is

shown in Fig. 4, from which we see that Rexp
1!#2! is close

to Rexp
polarization. The difference between the two curves can

be attributed either to Yexp
2! or to $"GM;"GE%. Insofar as

$"GM;"GE% are of the same order of magnitude as Yexp
2! ,

which is small according to our analysis, our interpreta-
tion of this small difference is that the polarization
method is little affected by the two-photon correction.

In summary, the discrepancy between the Rosenbluth
and the polarization methods for GE=GM can be attrib-
uted to a failure of the one-photon approximation which
is amplified at large Q2 in the case of the Rosenbluth
method. The expression for the cross section also suggests
that the two-photon effect does not destroy the linearity
of the Rosenbluth plot provided the product R$# ~FF3% is
independent of #. It remains to be investigated if there is a
fundamental reason for this behavior or if it is fortuitous.
Using the existing data, we have extracted the essential
piece of the puzzle, that is the ratio Yexp

2! which measures
the relative size of the two-photon amplitude ~FF3. Within
our approximation scheme, we find that Yexp

2! is of the
order of a few percent. This is a very reassuring result
since this is the order of magnitude expected for two-
photon corrections. What is needed next is a realistic
evaluation of this particular amplitude. A first step in
this direction was performed very recently in Ref. [12],
where the contribution to the two-photon exchange am-
plitude was calculated for a nucleon intermediate state in
Fig. 2. The calculation of Ref. [12] found that the two-

photon exchange correction with intermediate nucleon
has the proper sign and magnitude to resolve a large
part of the discrepancy between the two experimental
techniques, confirming the finding of our general analy-
sis. As a next step, an estimate of the inelastic part is
needed to fully quantify the nucleon response in the two-
photon exchange process.

From our analysis, we extract the ratio j ~GGEj=j ~GGMj
which in the first approximation should not be very differ-
ent from GE=GM. We find that it is close to the value
obtained by the polarization method when one assumes
the one-photon exchange approximation. This compari-
son is meaningful if, as suggested by the smallness of
Yexp
2! , "GE and "GM are negligible. This could be checked

by a realistic calculation of the two-photon corrections.
However, we think that a definitive conclusion will wait
for the determination of "GE and "GM as we did for Yexp

2! .
The necessary experiments probably require the use of
positrons as well as electron beams.

This work was supported by the French Commissariat
à l’Energie Atomique (CEA), and by the Deutsche
Forschungsgemeinschaft (SFB443).
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• TPE would have enhanced impact on Rosenbluth separation vs. polarization transfer 
e.g. Guichon & Vanderhaeghen, PRL 91, 142303 (2003)

• Phenomenological approach: predict size of TPE needed to resolve discrepancy 
e.g. Schmidt, JPG 47, 055109 (2020)

predictions using the Bosted and Arrington fits, but are reasonably consistent with those using
the Bernauer fits when accounting for uncertainties.

The results from the OLYMPUS experiment [5], with exponentiated Mo and Tsai
radiative corrections, are presented in figure 4. The inner error bars show statistical uncer-
tainty, while the outer error bars show statistical and point-to-point systematic uncertainties
added in quadrature. Additional correlated uncertainty ranging from 0.0036 to 0.0045 is not
shown.

The OLYMPUS results have a non-zero slope, increasing with decreasing ò, indicating a
hard TPE contribution. However, at high epsilon, the data fall below R2γ=1. The
OLYMPUS results are closest to the prediction based on the Bernauer fit, but with less slope.
Meanwhile, the predictions based on the Bosted and Arrington are significantly above the
OLYMPUS data.

Figure 2. The results from the VEPP-3 TPE experiment [3] for a beam energy of
0.998 GeV (top panel) and 1.594 GeV (bottom panel) fall below predictions based the
Bosted and Arrington fits but above the prediction based on the Bernauer fit.

J. Phys. G: Nucl. Part. Phys. 47 (2020) 055109 A Schmidt

6

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.142303
https://iopscience.iop.org/article/10.1088/1361-6471/ab7ec1/meta
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Hadronic box diagrams a more general challenge as 
radiative correction to electro(weak) measurements 
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• : background to parity-violating electron 
scattering (PVES)


• : weak mixing angle extractions from PVES


• : CKM matrix elements from -decay

□γγ

□γZ

□γW β
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Can observe interference between one- and two-photon 
exchange

M =
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Can observe interference between one- and two-photon 
exchange
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• Normal single-spin asymmetries


• Background to PVES
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• Positron to electron ratio:


• Leading TPE correction to 
unpolarized  scattering ep
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• Background to PVES
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Existing positron measurements inconclusive on  
discrepancy

μGE /GM
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See also: Rachek et al. PRL 114, 062005 (2015)

Existing positron measurements inconclusive on  
discrepancy

μGE /GM

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.062003
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Jefferson Lab

Hall A B C

Hall D

Accelerator

• Located in Newport News, Virginia

• CEBAF: Polarized electron beams up 

to 12 GeV, 150 A

• Four experimental halls with 

complementary instrumentation:

• High-resolution spectrometers  

(A & C)

• Large-acceptance multipurpose 

detector (B)

• Real photon beam (D)

μ
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Efforts to develop positron program at JLab

• Recent interest in development of positron source for possible JLab upgrade

• Currently being pursued in conjunction with possible 22 GeV upgrade

• Physics case: 


• Driven by multi-photon exchange and 3D nucleon imaging (DVCS)

• Summarized by community in EPJA special issue 

• Several positron proposals submitted/approved by JLab program committee
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• Physics case: 


• Driven by multi-photon exchange and 3D nucleon imaging (DVCS)

• Summarized by community in EPJA special issue 

• Several positron proposals submitted/approved by JLab program committee

PR12+23-008 “Direct 
Measurement of Hard Two-

Photon Exchange with 
Electrons and Positrons at 

CLAS12”



CLAS12

Beam

BAND

CTOF+CND

HTCC

DC

FTOF

PCAL+EC
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24

CLAS12 in Hall B

Beam

Forward detector

3.5 T torus magnet, 5° <  < 35°

PID,  tracking, TOF, calorimetry

θ

V.D. Burkert et al., NIM A 959, 163419 (2020) 

24

Central detector

5 T solenoid magnet, 35° <  < 125°


Tracking, TOF, neutron detector
θ

https://www.sciencedirect.com/science/article/abs/pii/S0168900220300243?via=ihub
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Proposed measurement with CLAS12 at JLab

Beam

Lepton

Proton

Forward 
detector

Central 
detector

• Measure  ratio 

•  = 2.2, 4.4, 6.6 GeV 

• High , low  requires  

 forward proton, central lepton

e+p/e−p

Ebeam

Q2 ϵ
→
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CLAS12 ideal for mapping TPE over wide phase space
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Definitive answer to whether TPE causes discrepancy
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Today’s roadmap

• Elastic scattering:

• Proton form factor ratio and 

multi-photon exchange

• Proton weak charge


• Deep inelastic scattering

• Origin of proton spin


• Will discuss some relevant 
experimental facilities and 
techniques along the way

Chapter 1. Introduction 11
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Figure 1.8: Schematic nucleon and nucleus responses to a leptonic probe.

QE peak for nuclei compared to the elastic peak for lepton-nucleon scattering is due to the
Fermi motion of the nucleons.

Between the coherent and the QE peak lies the giant resonance (GR) region. These excita-
tions occur when the neutrino interacts with a single nucleon, but due to long-range nuclear
correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,

ω
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The weak interaction violates parity

Sp
p

S

Left-handed Right-handed

• Parity transformation 


• Parity violation in weak interactions:


• Theorized by Lee & Yang in 1956


• Discovered by C.S. Wu in 1957

P : (x, y z) → (−x, − y, − z)

P
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Parity-violating electron scattering
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Figure 3.4: Cartoon of a four event multiplet (quartet). The Pockel cell voltage controls the
initial electron helicity, resulting in left(L) or right (R) handed electrons entering the hall.
Data was stored during the time marked by the dashed lines, selecting an appropriate delay
before collecting data.

the polarization of the electrons in a given window to stabilize. To exclude this 100 µs delay,

the data acquisition equipment recorded the middle 8.23̄ ms of a window (tuned to minimize

dead time in the apparatus but not measure any ‘ringing’ e↵ects associated with the Pockel

cell changing voltages).

These multiplets were generated pseudorandomly, with the ordering of multiplets deter-

mined by a su�ciently long, randomly generated sequence. This allows us to reconstruct the

exact pair structure if needed while still disordered enough to minimize systematic e↵ects

associated with having a strict sequence of helicity windows. In order to prevent biasing

from the signals sent by the injector, the helicity signal is generated by a circuit independent

of the overall injector electronics. Also, the helicity as reported to the halls was stored in

a bu↵er then sent after an eight window delay; while the correct helicities were matched to

the relevant event, the helicity of the event is recorded concurrently with the signals from

electrons generated 66 ms later, removing any correlation.

The electron will propagate through a number of magnets downstream of the injector,
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• History of PVES: continuous 
improvement in accelerator and 
detector technology


• State of the art: sub-ppb 
statistical reach and control of 
systematics

Page 2 of 61 Eur. Phys. J. A (2018) 54: 208
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1 Introduction and physics motivation

In the Standard Model of Elementary Particle Physics
(SM) the weak interaction is the only force that violates
parity. Over the past 30 years, the measurement of parity
violation in weak interactions has been a well established
experimental technique in atomic as well as particle and
nuclear physics. The violation of parity had been postu-
lated by the theoreticians Lee and Yang in 1956 [1]. It
was proven to be an experimental fact in nuclear physics
in 1957 in the course of the Wu experiment [2] by a care-
ful analysis of the beta-decay of 60Co. In addition Gar-
win, Lederman and Weinrich had shown that the µ-decay
violates parity [3]. As first pointed out by Zeldovich in
1959 [4], the existence of a neutral partner of the charged
weak interaction responsible for β-decay, should lead to
observable parity violation in atomic physics and in elec-
tron scattering. These ideas preceded the development of
the electroweak theory, and were confirmed experimen-
tally by Prescott in electron scattering at SLAC [5] and
in cesium atoms by Bouchiat [6]. In the rest of this article
we concentrate on parity violation in electron scattering.

Since then, many parity-violating electron scattering
experiments have been performed, all summarized in fig. 1.
Prescott’s experiment was followed by an experiment of
the Mainz group of Otten and Heil [7] and another one at
MIT-Bates on a 12C target [8]. Their experimental tech-
niques were pioneering and are used still today. They were
also ground-breaking in establishing parity-violation and
making the first measurements of SM parameters from
electron scattering (see the green points in fig. 1 labeled
“Pioneering”).

It was first pointed out by Kaplan and Manohar in
1988 [9] that one can get access to a possible contribution
of strange quarks to the electromagnetic form factors of
the nucleon by measuring its weak electric and magnetic
form factors in parity-violating electron scattering. This
triggered a whole series of parity-violation electron scat-
tering experiments at the MIT-Bates accelerator [10–15],
at the MAMI accelerator in Mainz [16–26] as well as at
JLab’s CEBAF in Newport News [27–40] (see in addi-
tion [41–45] for review articles, blue points in fig. 1 la-
beled “Strange Quark Studies”). An accurate measure-
ment of the neutron distribution in heavier nuclei and es-
pecially the so called “neutron skin” can be obtained from

a e-mail: maas@uni-mainz.de (corresponding author)

Fig. 1. Overview over past (full points) and future (open
circles) electron scattering experiments. From the very early
measurements at SLAC, at Bates and in Mainz up to today,
parity-violating electron scattering has become a well estab-
lished technique to explore hadron physics, nuclear physics
and particle physics, depending on kinematics and target. The
point labelled MESA-P2 is the P2 experiment at the MESA
accelerator employing a !H2-Target. The point labeled MESA-
12C denotes the P2 experimental facility with a 12C target.

parity-violating electron scattering on heavy nuclei like
lead [46, 47]. The associated parity-violation experiments
are labeled “Neutron Radius” in fig. 1. At backward an-
gles, parity violation experiments on proton and neutron
targets allowed in addition the extraction of the axial form
factor. In recent years, experiments have been performed
and new proposals have been worked out to measure the
weak charge of the proton or of the electron, or the ratio of
quark charges. Those are labeled “Standard Model Tests”
in fig. 1 [48–52]. The parity-violating electron scattering
experiments at the new Mainz MESA accelerator [53] are
the subject of this manuscript.

In the P2 experiment, parity-violation in elastic elec-
tron-proton scattering at low momentum transfer, Q2, will
provide experimental access to the proton’s weak charge
QW(p), the analog of the electric charge which determines
the strength of the neutral-current weak interaction. In the
SM, QW(p) is related to the weak mixing angle, sin2 θW.
The weak charge of the proton is particularly interesting,
compared to that of other nuclei, since it is suppressed in
the SM and therefore sensitive to hypothetical new physics
effects [54,55] (see also the reviews [56,57] and references
therein). The SM also provides a firm prediction for the
energy-scale dependence of the running of sin2 θW. This
scale dependence, defined in the MS scheme, is shown in
fig. 2 together with the anticipated sensitivity of the mea-
surement of the weak mixing angle at P2 compared to
other forthcoming determinations (blue points) and exist-
ing measurements (red points).
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Fig. 1: Step one of an ERL – acceleration 

In the first step of an ERL, electrons from the injector are accelerated (Fig. 1). The electron 
beam is then conducted to the experimental area where the synchrotron radiation is extracted.  

 
Fig. 2: Step two of an ERL – deceleration 

In the second stage of the ERL, the electron beam is directed back to the accelerating structure 
but with a phase change of 180 degrees. Thus the electrons are decelerated instead of accelerated, and 
after the deceleration they are extracted at low energy and dumped (Fig. 2). 

 
Fig. 3: Alternative layout of an ERL – acceleration and deceleration over several turns 

An alternative way of operating the ERL is to run acceleration over several turns, using the 
same accelerating structure more than once (Fig. 3). In the final (outermost) turn the generation of 
synchrotron radiation takes place and the electrons arrive in the subsequent turns in the decelerating 
phase. Thus passing the same orbits in reverse order until they are slowed down to the injection energy 
and can be dumped. 

The energy recovery in this process takes place in the accelerating structure. The energy taken 
from the electron beam in the decelerating phase is ‘stored’ in the accelerating structure and can be 
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Fig. 23. CAD drawing of the experimental setup which has been implemented in the Geant4 simulation using CADMesh.

The purpose of the experiment’s simulation is to en-
sure the feasibility of the QW(p) measurement with the
foreseen apparatus. In this section, the main aspects of
the Geant4 application will be discussed and results pre-
sented.

5.1.1 Geometry definition

The application employs an interface to Computer-Aided
Design (CAD) software for defining the geometrical ob-
jects the experimental apparatus is comprised of. CAD
software is a widely used designing and analyzing tool in
engineering science. The simulation of the P2 experiment
uses CADMesh [102] to import geometrical objects cre-
ated with CAD software into Geant4. For this purpose,
the surfaces of the objects under consideration are first
parametrized by applying a tessellation procedure and
then converted into a Geant4-native geometrical object.
The big advantage of this procedure is that engineering
studies can be performed using CAD applications and
the resulting geometrical shapes may be directly imported
into Geant4. Furthermore, implementing new and altering
existing parts of the apparatus using realistic, complex ge-
ometrical shapes is possible with a minimum of program-
ming effort this way. The downside of using CADMesh as
compared to Geant4’s standard method of defining geom-
etry directly in the source code is that the runtime of the
application is slightly increased due to the higher num-
ber of surfaces resulting from the tessellation procedure.
However, the prolongation of runtime is a minor effect and

easily outweighted by the benefits of the CAD interface,
especially when using multiple CPU cores in parallel to
perform the simulation.

Figure 23 shows a CAD drawing of the experimental
setup, which has been implemented in the simulation using
CADMesh. The beam electrons enter the scattering cham-
ber’s vacuum through the final part of the beamline and
interact with the !H2 target. Both target and scattering
chamber are contained within a superconducting solenoid
that generates a magnetic field of Bz ≈ 0.6T along the
beam axis. The beam electrons, which have been scattered
off protons in the target, pass a Kevlar window which sep-
arates the vacuum of the scattering chamber from the he-
lium filled chamber that contains the tracking detectors.
The tracking detectors will be used to reconstruct the Q2

of the detected electrons and are described in sect. 5.5.
After passing the tracking system, the electrons are de-
tected in a Cherenkov ring detector for the measurement
of the parity-violating asymmetry.

5.1.2 Event generation

One of the simulation’s central aspects is the realistic
simulation of the interaction between the electron beam
and the 600mm long !H2 target. Since the beam energy
Ebeam = 155MeV is rather small, energy loss and angu-
lar straggling of the beam in the target material due to
collisions and bremsstrahlung cannot be neglected. While
Geant4 is an excellent tool to simulate these processes,
the simulation of elastic electron-proton scattering under

• Measure parity violating 
asymmetry in elastic  
scattering


• Extracted beam mode:

•  = 155 MeV,  = 150 A 


• 60 cm LH target


• Solenoidal spectrometer with 
full azimuthal acceptance


• Central  = 35°

ep

E I μ

θe
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Delivery of the P2 solenoid (November 2024)
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Measuring the weak charge of the proton

• In  scattering: 
 

 

 



• Precision extraction of weak 
mixing angle at low 


• Sensitivity to BSM physics 
parameterized by effective 
interactions (e.g. SMEFT)

ep
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4πα 2 [Qp
W − F(E, Q2)]

Qp
W = 1 − 4 sin2 θW
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P2 experiment at MESA:

 Goal of 40 ppb  0.57 ppm 

(0.15% on weak mixing angle)
±



37

Measuring the weak charge of the proton

• In  scattering: 
 

 

 



• Precision extraction of weak 
mixing angle at low 


• Sensitivity to BSM physics 
parameterized by effective 
interactions (e.g. SMEFT)

ep

APV =
−GFQ2

4πα 2 [Qp
W − F(E, Q2)]

Qp
W = 1 − 4 sin2 θW

Q2

14 10. Electroweak Model and Constraints on New Physics

Figure 10.2: Scale dependence of the weak mixing angle defined in the MS scheme [39,83] (for the
scale dependence in a mass-dependent renormalization scheme, see Ref. [82]). The minimum of the
curve corresponds to µ = MW , below which we switch to an e�ective theory with the W

± bosons
integrated out, and where the —-function for ‚s 2(µ) changes sign. At MW and each fermion mass
there are also discontinuities arising from scheme dependent matching terms, which are necessary to
ensure that the various e�ective field theories within a given loop order describe the same physics.
However, in the MS scheme these are very small numerically and barely visible in the figure provided
one decouples quarks at µ = ‚mq( ‚mq). The width of the curve exceeds the theory uncertainty from
strong interaction e�ects which at low energies is at the level of ±2 ◊ 10≠5 [39]. The Tevatron and
LHC measurements are strongly dominated by invariant masses of the final-state di-lepton pair of
O(MZ) and can thus be considered as additional Z pole data points. For clarity we displayed the
Tevatron and LHC points horizontally to the left and right, respectively.

in the nuclear weak charges QW (Z, N), where Z and N are the numbers of protons and neutrons
in the nucleus. In terms of the nucleon vector couplings,
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where the numerically small adjustments are discussed in Ref. [13] and include the result of the
“Z-box correction from Ref. [176].

E.g., QW (133
78Cs) is extracted by measuring experimentally the ratio of the parity violating

amplitude, EPNC, to the Stark vector transition polarizability, —, and by calculating theoretically

11th August, 2022
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Challenges in the precision frontier…

• Sub-ppb precision requires enormous statistics 
 

 ppb  > 1018.  

• Assuming counting detector rate of 100 MHz = over 100 years of data collection 
 need 100s of GHz event rates 

• This requirement creates significant experimental demands:

• Large beam currents on thick targets

• High rate detectors

1

N
< 0.57 → N
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• Large power deposition (up to several kW) can quickly lead to target instability, degradation

• Solid targets: melting, holes

• Liquid targets: density fluctuations, boiling
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High-power targets

• Large power deposition (up to several kW) can quickly lead to target instability, degradation

• Solid targets: melting, holes

• Liquid targets: density fluctuations, boiling

From PREX at JLab
New 208Pb target After 1 week at 70 Aμ

40

Figure 2.6: Post-experiment photo of PREX-II 208Pb targets. Left-target shows
signs of minor thermal wear in the shape of the raster. Right-target shows a target
which reached thermal failure.

sieve allow for the distinct identification of points during the reconstruction of events; this

allows for the optimization of the reconstruction matrix and allows for a determination of

the uncertainty on the angular reconstruction.

2.3.3 Septum

The minimum design angle that the HRS system can accommodate is approximately

12�. Since PREX-II and CREX required capturing data on electrons scattered at a

laboratory angle of approximately 5� a septum magnet pair was used to bend these

heavily-forward 5� angle scatters to the minimum design angle of the spectrometer.

2.3.4 Quartz Detectors

Quartz detectors were the main detectors used for production run data collection; two

quartz detectors were used per arm for a total of four detectors. Images of detectors

can be seen in fig. 2.10. The detectors were made of radiation thin quartz—hardened



40

Beam rastering

• Fast-steering magnets raster beam on target

• Distributes power, reducing target degradation

• Pattern must be carefully synchronized with beam 

helicity to reduce systematics!
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(a) Raster frequencies of 204 and 212 multiples of

the helicity flip frequency.
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(b) Raster frequencies of 205 and 213 multiples of

the helicity flip frequency.

Figure 2.23: Simulated raster pattern showing the improvement in target face coverage
by going from raster frequencies which are divisible (a) by the di↵erence between them to
frequencies which are not (b). In red is a fraction of the pattern to display the trajectories,
and in black is one full helicity flip period’s pattern to display the change in target face
coverage.

Figure 2.24: Schematic of the raster frequency controls. The 10 MHz signal is used in the
injector to give a consistent clock while the measured MPS signal sent from the injector
to Hall A over fiber optic cables marks the beginning of new helicity windows and is used
to tune the raster frequencies in two independent channels of the Agilent 33522A function
generator. Updated and adapted from [19, 24].
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Figure 3.4: Cartoon of a four event multiplet (quartet). The Pockel cell voltage controls the
initial electron helicity, resulting in left(L) or right (R) handed electrons entering the hall.
Data was stored during the time marked by the dashed lines, selecting an appropriate delay
before collecting data.

the polarization of the electrons in a given window to stabilize. To exclude this 100 µs delay,

the data acquisition equipment recorded the middle 8.23̄ ms of a window (tuned to minimize

dead time in the apparatus but not measure any ‘ringing’ e↵ects associated with the Pockel

cell changing voltages).

These multiplets were generated pseudorandomly, with the ordering of multiplets deter-

mined by a su�ciently long, randomly generated sequence. This allows us to reconstruct the

exact pair structure if needed while still disordered enough to minimize systematic e↵ects

associated with having a strict sequence of helicity windows. In order to prevent biasing

from the signals sent by the injector, the helicity signal is generated by a circuit independent

of the overall injector electronics. Also, the helicity as reported to the halls was stored in

a bu↵er then sent after an eight window delay; while the correct helicities were matched to

the relevant event, the helicity of the event is recorded concurrently with the signals from

electrons generated 66 ms later, removing any correlation.

The electron will propagate through a number of magnets downstream of the injector,

30
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Integrating quartz 
Cherenkov detector
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Fig. 39. Quartz as Cherenkov medium serves as an effective
light-guide at the same time.

Fig. 40. Internal reflection of light in fused silica demonstrated
with a laser pointer.

We chose the geometry of the quartz bars in such a way
as to enhance the light collection by the effect of total in-
ternal reflection. It is ensured that Cherenkov light emerg-
ing from a perpendicular electron incidence is contained
within the material and guided to the outer end, where
an optical outlet allows it to exit and reach the photomul-
tiplier tube cathode. Figure 39 schematically shows this
concept. For potential background particles with β < 0.85
the Cherenkov angle is smaller, resulting in more losses
of light from these events and thus improving the signal-
to-background ratio. In addition, the bar is wrapped in
a highly reflective aluminum foil with a thin layer of air
(0.2mm) in between. The foil helps to contain the light
within the detector element and thus enhances the signal
yield. The photograph in fig. 40 visualizes the effect of
total internal reflection with a blue laser pointer.

5.2.3 Photomultipliers

The photomultipliers for the integrating detectors have
to satisfy five main criteria: 1) high efficiency in the UV,
2) support for high cathode currents, 3) uniform sheet
resistivity across the photocathode, 4) good linearity at
relatively low bias voltages for current mode, and 5) fast
charge collection at high bias voltages for tracking mode
operation. The last two criteria are as much dependent
on the base design as they are on the PMT itself. Three
models of photomultipliers have been investigated, all es-
pecially developed for UV usage:

– ElectronTubes 9305QKMB;
– ElectronTubes 9305QKFL;
– Hamamatsu R11410.
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Fig. 41. Spectral responses of three different models of PMTs
which are suitable for Cherenkov light detection.
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Fig. 42. MAMI test beam data from detector element proto-
types with the different PMTs.

All three are 78mm in diameter with an effective area
of 64mm. They all have UV sensitive bi-alkali cathodes
and quartz windows for good transmission of short wave-
lengths. Their spectral responses are plotted in fig. 41.
The two specimen of the ET9305QKMB as well as
the ET9305QKFL were individually calibrated for wave-
lengths ranging from 200 nm to 800 nm. The Hamamatsu
PMT was only calibrated from 165 nm to 200 nm. The
data for longer wavelengths was taken from the manufac-
turer data sheet.

The data in fig. 42 was taken during a test beam at
MAMI, where we used a prototype detector element with
exchangeable PMTs. Each assembly was then irradiated
with beam electrons of 195MeV and the number of photo-
electrons from the PMT cathode per electron incidence
onto the detector was determined for different angles be-
tween beam and quartz surface, 0◦ being perpendicular.
The requirement of eq. (75) is met with each one of those
PMTs.

Since the detectors are to be operated both in cur-
rent mode (low gain), and tracking or event mode (high
gain), we require a base that is remotely switchable be-
tween these two modes. A prototype base has been de-
veloped and tested with the prototype detectors at the
MAMI facility. The schematic for the base is shown in
fig. 43. This is an active base design, using FETs and
diodes to stabilize the gain behavior of the PMT at high

Total internal reflection in quartz 
demonstrated with blue laser 
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Today’s roadmap

• Elastic scattering:

• Proton form factor ratio and 

multi-photon exchange

• Proton weak charge


• Deep inelastic scattering

• Origin of proton spin


• Will discuss some relevant 
experimental facilities and 
techniques along the way

Chapter 1. Introduction 11
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Figure 1.8: Schematic nucleon and nucleus responses to a leptonic probe.

QE peak for nuclei compared to the elastic peak for lepton-nucleon scattering is due to the
Fermi motion of the nucleons.

Between the coherent and the QE peak lies the giant resonance (GR) region. These excita-
tions occur when the neutrino interacts with a single nucleon, but due to long-range nuclear
correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,

ω
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Today’s roadmap

• Elastic scattering:

• Proton form factor ratio and 

multi-photon exchange

• Proton weak charge


• Deep inelastic scattering

• Origin of proton spin


• Will discuss some relevant 
experimental facilities and 
techniques along the way
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Figure 1.8: Schematic nucleon and nucleus responses to a leptonic probe.

QE peak for nuclei compared to the elastic peak for lepton-nucleon scattering is due to the
Fermi motion of the nucleons.

Between the coherent and the QE peak lies the giant resonance (GR) region. These excita-
tions occur when the neutrino interacts with a single nucleon, but due to long-range nuclear
correlations, the energy transfer is shared among the nuclear constituents and the nucleus
undergoes a collective excitation.

A second type of multinucleon e↵ect arises when the neutrino interacts with a pair of
correlated nucleons in the target, causing both of them to be knocked out of the nucleus,
resulting in a two-particle two-hole (2p2h) final state. These two-nucleon (2N) knockout
interactions are one of the main topics of this work. Adopting the same conventions as
before, we denote the 2N knockout reactions by

l + A æ lÕ + (A ≠ 2)ú + Na + Nb,

where Na and Nb are the two emitted nucleons. When both emitted nucleons are detected
together with the lepton in the final state, the process is called an exclusive 2N knockout
cross section, denoted as A(l, lÕNaNb). If only one of the two of the emitted nucleons is
detected, we call this a semi-exclusive 2N knockout event A(l, lÕNa). The case when only
the final state lepton is detected is an inclusive 2N knockout cross section. Throughout this
work, we discuss two e↵ects which cause nucleons to appear in pairs: short-range correlations
and meson-exchange currents. We stress that these two-body e↵ects can influence the 1N
knockout cross section as well.

Experiments often analyze CC neutrino interaction data by only considering the lepton in
the final state, meaning that inclusive cross sections are studied. The MiniBooNE experi-
ment, for example, used a Cherenkov-type detector, and they only used the final state muon
for CC events.

In a situation like that, it is hard to distinguish 2N -knockout events from genuine QE events
discussed above, where a single nucleon is emitted from the nucleus. Thus, the measured
cross section will consists of a sum of 1N and 2N (and eventually 3N etc.) knockout cross
sections. This led to some confusion between the experimental and theoretical community,
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The quarks in the proton

• Protons & neutrons account for most visible mass 
in the universe


• Most of this mass is dynamically generated by the 
constituent quarks & gluons
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The quarks in the proton

• Protons & neutrons account for most visible mass 
in the universe


• Most of this mass is dynamically generated by the 
constituent quarks & gluons

Quantum chromodynamics (QCD) Emergent 
proton 

properties?
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Quarks probed with deep inelastic scattering
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Neutral current DIS in naive quark-pardon model

dσ±
NC

dx dQ2
=

2πα2

xyQ4 [Y+F̃2 ∓ Y−xF̃3 − y2F̃L]
• Hard scattering off non-interacting quarks


• Structure independent of  
(“scaling”  prediction for pioneering DIS 
experiments at SLAC)


• No transverse momentum

Q2

→
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Neutral current DIS in naive quark-pardon model

dσ±
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=
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Parton distribution functions (PDFs):

Probability to find (anti)quark 

carrying momentum fraction xB

• Hard scattering off non-interacting quarks


• Structure independent of  
(“scaling”  prediction for pioneering DIS 
experiments at SLAC)


• No transverse momentum

Q2

→

ηγZ = ( GFM2
Z

2 2πα ) ( Q2

Q2 + M2
Z )

q = u(xB), d(xB), s(xB) . . .
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Cross section difference in polarized DIS

dΔσ±
NC

dx dQ2
=

8πα2

yQ4 [−Y+g̃5 ∓ Y−g̃1]

Δσ = σ(λn = − 1, λℓ) − σ(λn = 1, λℓ)
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• Structure functions for  exchange: 


• Unique combinations of PDFs  flavor separation

W+ u ↔ d, s ↔ c

→
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Real world: QCD violates scaling

• The quark-parton model ignores gluons!


• Gluonic processes lead to large  
dependence of cross sections, PDFs


• DGLAP equations beautifully describe 
evolution of PDFs with  
…but cannot predict PDFs a priori

Q2

Q2

18. Structure functions 23

NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE REPRESENTATIVE DATA.

THEY ARE NOT MEANT TO BE COMPLETE COMPILATIONS OF ALL THE WORLD’S RELIABLE DATA.
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Figure 18.8: The proton structure function F p
2 measured in electromagnetic scattering of electrons and

positrons on protons (collider experiments H1 and ZEUS for Q2 ≥ 2 GeV2), in the kinematic domain
of the HERA data (see Fig. 18.10 for data at smaller x and Q2), and for electrons (SLAC) and muons
(BCDMS, E665, NMC) on a fixed target. Statistical and systematic errors added in quadrature are shown.
The H1+ZEUS combined values are obtained from the measured reduced cross section and converted to F p

2

with a HERAPDF NLO fit, for all measured points where the predicted ratio of F p
2

to reduced cross-section
was within 10% of unity. The data are plotted as a function of Q2 in bins of fixed x. Some points have
been slightly offset in Q2 for clarity. The H1+ZEUS combined binning in x is used in this plot; all other
data are rebinned to the x values of these data. For the purpose of plotting, F p

2
has been multiplied by 2ix ,

where ix is the number of the x bin, ranging from ix = 1 (x = 0.85) to ix = 24 (x = 0.00005). References:
H1 and ZEUS—H. Abramowicz et al., Eur. Phys. J. C75, 580 (2015) (for both data and HERAPDF
parameterization); BCDMS—A.C. Benvenuti et al., Phys. Lett. B223, 485 (1989) (as given in [86]) ;
E665—M.R. Adams et al., Phys. Rev. D54, 3006 (1996); NMC—M. Arneodo et al., Nucl. Phys. B483, 3
(1997); SLAC—L.W. Whitlow et al., Phys. Lett. B282, 475 (1992).

Proton
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Scale dependence of PDFs
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• High  dominated by valence quarks


• Low , high  dominated by gluons (and sea quarks)

xB

xB Q2
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Visualizing the proton

https://www.youtube.com/watch?v=G-9I0buDi4s
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Most of proton spin unaccounted for!

ΔΣ/2 + ΔG + Lq + Lg =
1
2
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“Proton spin crisis”
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Electron-ion collider (Long Island, New York)

• Under construction at Brookhaven National Lab


• Fully polarized  and  collisions


• High luminosity!


• 20 <  < 140 GeV  wide range of , !


• ePIC detector (project detector) under 
development


• Second interaction region for complementary 
detector

ep eA

s → xB Q2

2nd IR
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The ePIC detector



55

The ePIC detector
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• HERA was the original lepton-proton collider


• EIC limitations: smaller COM energy, no positrons (yet…)


• EIC advantages: larger luminosity, full polarization, 
heavy nuclei

What can EIC add to the discussion?
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• HERA was the original lepton-proton collider


• EIC limitations: smaller COM energy, no positrons (yet…)


• EIC advantages: larger luminosity, full polarization, 
heavy nuclei

What can EIC add to the discussion?

4 D. M. South, M. Turcato: Review of Searches for Rare Processes and BSM Physics at HERA

periment [15,16] was located, the other in the South Hall
where the ZEUS experiment [17] could be found. The
HERMES experiment [18] in the East Hall studied the
spin structure of the nucleon using collisions of the lepton
beam on an internal polarised gas target. The HERA-B
experiment [19,20] in the West Hall was built to use colli-
sions of the proton beam halo with a wire target in order
to produce B-mesons for the study of CP violation in the
B− B̄ system. The layout of the HERA ring and the sys-
tem of pre-accelerators at DESY is illustrated in the lower
half of figure 3.

The proton beam began as negative hydrogen ions
(H−) accelerated in a linear accelerator to 50 MeV. The
electrons were then stripped off the H− ions to obtain
protons, which were injected into the proton synchrotron
DESY III, accelerated up to 7.5 GeV, and transferred to
the PETRA ring, where they were accelerated to 40 GeV.
The protons were then finally injected in three shots into
the HERA proton storage ring, which is made up of su-
perconducting magnets with a maximum field of 4.65 T,
where they were then accelerated to the nominal beam
energy of 920 GeV.

The electron (positron) pre-acceleration chain began in
a linear accelerator, LINAC I (LINAC II), where the lep-
tons were accelerated up to 450 MeV. The leptons were
then injected into the electron synchrotron DESY II, ac-
celerated to 7 GeV and, similarly to the protons, trans-
ferred to the PETRA ring, where they reached an energy
of 14 GeV. Injection transfer into the HERA ring followed,
where they were accelerated to the nominal lepton-beam
energy of 27.6 GeV using conventional magnets with a
maximum field of 0.165 T.

Up to 210 bunches of leptons and protons were accel-
erated in the HERA ring, spaced at 96 ns intervals. Only
175 bunches were typically used for collisions, where the
remainder were used as pilot bunches to study background
rates arising from interactions of the beams with residual
gas in the beam-pipe. When the proton bunches were com-
pressed by HERA during acceleration, small secondary or
satellite bunches were formed, separated from the main
bunch by up to 8 ns.

The data taking at HERA may be divided into two dis-
tinct periods: HERA I, which was from 1994 until 2000,
and HERA II, from 2003 until 2007. A luminosity upgrade
[21] of the machine took place between the two data taking
periods and brought an observed increase in the luminos-
ity delivered to the experiments from 1.5 × 1031 cm−2 s−1

in the HERA I phase up to a peak value of 5.0 × 1031

cm−2 s−1, achieved during HERA II e−p running. The in-
tegrated luminosity delivered by the HERA accelerator is
shown in figure 4.

The integrated luminosity collected for analysis by H1
and ZEUS amounts to about 0.5 fb−1 per experiment.
This is less than the delivered integrated luminosity, as
quality conditions are applied to the data used for anal-
ysis, such as requirements on the high voltage status of
the various detector subsystems (see section 4). The lumi-
nosity is measured by both experiments from the rate of
the well understood QED Bethe-Heitler process ep → epγ.

Days of running
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Fig. 4. A summary of the integrated luminosity delivered
by the HERA collider during the HERA I (1992-2000) and
HERA II (2003-2007) phases. The different electron and
positron running periods are indicated, as well as the data
taken at lower proton beam energies in 2007.

As the photon is emitted almost collinear to the incom-
ing electron, it is detected using devices located close to
the beam line beyond the main detectors. A photon de-
tector [22,23,24] is employed by H1 and the ZEUS exper-
iment uses two independent systems, a photon calorime-
ter [25,26,27] and a magnetic spectrometer [28]. A recent
analysis [29] of Compton scattering events provided an
alternative and improved measurement of the luminosity
recorded by the H1 experiment. The integrated luminosi-
ties of the data sets4 are detailed in table 1.

Another feature of the HERA II upgrade was the use
of a longitudinally polarised lepton beam. As the lep-
ton beam circulated in HERA it naturally became trans-
versely polarised via the Sokolov-Ternov effect [30,31].
The typical polarisation build-up time for the HERA ac-
celerator was approximately 40 minutes. At HERA II, spin
rotators installed on either side of the H1 and ZEUS de-
tectors changed the transverse polarisation of the beam
into longitudinal polarisation and back again. The lepton
beam polarisation was measured using two independent
polarimeters, the transverse polarimeter (TPOL) [32] and
the longitudinal polarimeter (LPOL) [33]. Both devices
exploited the spin-dependent cross section for Compton

4 Note that for some analyses presented in this review the
integrated luminosity may vary from this table. For example,
some searches do not require a good polarisation measurement
and this results in a higher luminosity yield from HERA II. In
such cases, the integrated luminosity of the analysed datasets
is given in the text.
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• HERA was the original lepton-proton collider


• EIC limitations: smaller COM energy, no positrons (yet…)


• EIC advantages: larger luminosity, full polarization, 
heavy nuclei

What can EIC add to the discussion?
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Physics goals of the EIC

• Origin of proton mass and spin


• 3D imaging of the nucleon


• Nuclear modification


• Gluon saturation

xP

k⊥

b⊥
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Probing proton spin with double-spin asymmetries

A1 =
A∥

D(1 + ηξ)
−

ηA⊥

d(1 + ηξ)

  and  A∥ =
σ⇆ − σ⇉

σ⇆ + σ⇉
A⊥ =

σ→↑ − σ→↓

σ→↑ + σ→↓

≈ g1/F1 ∝ ∑
q

e2
q (Δq + Δq)
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Impact of EIC measurements
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EIC will be systematics limited

• High luminosity means that statistical uncertainty will be negligible


• Physics impact will be limited by control of systematics


Key sources of systematics


• Kinematic reconstruction 


• Need high-resolution reconstruction of , 


• Electron identification


• Minimize pion contamination


• Reduce contamination in CC analyses

y Q2
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Hermetic detector allows reconstruction from entire 
final state
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NC: leverage over-constrained kinematics to optimize 
performance
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NC: leverage over-constrained kinematics to optimize 
performance

JB method only option for CC analyses
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But there are a lot of pions!
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What other handles do we have?

• Cuts on hadronic final state

• Cherenkov and TOF detectors 
(key at low momentum)

• Shape of calorimeter showers

0 5 10 15 20 25 30 35 40 45 50
 (GeV)zE - p

0

200

400

600

800

1000

1200

∑
h

(Eh − pz,h) = 2Ee

ePIC  DIS 
18x275 GeV

ep

innermost layer outermost layer

photons

muontracking

K

calorimetercalorimetersystem
electromagnetic hadronic

system

muons

electrons

protons

pions

neutrons

Kaons

0
L

C. Lippmann − 2003

Tracker ECAL HCAL

e

innermost layer outermost layer

photons

muontracking

K

calorimetercalorimetersystem
electromagnetic hadronic

system

muons

electrons

protons

pions

neutrons

Kaons

0
L

C. Lippmann − 2003

π



66

Beyond the proton…



66

Beyond the proton…

• Neutron


• Same complexity, 
harder to study


• New observables, 
methods required



66

Beyond the proton…

• Neutron


• Same complexity, 
harder to study


• New observables, 
methods required

• Bound nucleons


• Modified structure 
 “EMC effect”


• No consensus on 
mechanism

→



66

Beyond the proton…

• Neutron


• Same complexity, 
harder to study


• New observables, 
methods required

• Bound nucleons


• Modified structure 
 “EMC effect”


• No consensus on 
mechanism

→

0.7

0.8

0.9

1

1.1

1.2

0.2 0.4 0.6 0.8

[F
A 2
/A

]/
[F

d 2
/2
]

xB

SLAC

JLab Hall C

This work

-0.05

0

0.05

0.2 0.4 0.6 0.8

Median norm. uncertainty

n
d S
R
C

�
F
p 2
+
�
F
n 2

F
d 2

xB
3

4

9

12

27

56

197

208

A

0.7

0.8

0.9

1

1.1

1.2

0.2 0.4 0.6 0.8

[F
A 2
/A

]/
[F

d 2
/2
]

xB

SLAC

JLab Hall C

This work

-0.05

0

0.05

0.2 0.4 0.6 0.8

Median norm. uncertainty

n
d S
R
C

�
F
p 2
+
�
F
n 2

F
d 2

xB
3

4

9

12

27

56

197

208

A

JLab Hall B



67

Summary and outlook

• Electron scattering is an old tool, but continues to be invaluable 
for studying nuclear physics


• Despite being extensively studied, the proton still contains many 
mysteries!

• JLab: active 12 GeV electron program, with possible positron and 
22 GeV upgrades in the next decade


• MESA: under construction, first beam expected next year


• EIC: under construction, first collisions expected mid-2030s


