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We report the measurement of the parity-violating asymmetry in the N → ∆ transition via the
e− + p → e− +∆+ reaction at two different kinematic points with low four-momentum transfer Q2.
Measurements were made with incident electron beam energies of 0.877 and 1.16 GeV, corresponding
to Q2 values of 0.0111 and 0.0208 (GeV/c)2, respectively. These measurements put constraints on a
low-energy constant in the weak Lagrangian, d∆, corresponding to a parity-violating electric-dipole
transition matrix element. This matrix element has been shown to be large in the strangeness-
changing channel, via weak hyperon decays such as Σ+

→ pγ. The measurements reported here
constrain d∆ in the strangeness-conserving channel. The final asymmetries were −0.65±1.00(stat.)±
1.02(syst.) ppm (parts per million) for 0.877 GeV and −3.59± 0.82(stat.)± 1.33(syst.) ppm for 1.16
GeV. With these results we deduce a small value for d∆, consistent with zero, in the strangeness-
conserving channel, in contrast to the large value for d∆ previously reported in the strangeness-
changing channel.

Introduction/Motivation – The ∆(1232) resonance, the
first excited state of the proton, has often been used
as a testing ground for QCD-inspired models of hadron
structure, as well as underlying QCD symmetries. Many
experimental studies of the excitation of this resonance
have been performed using electromagnetic and strong
probes [1]. Far fewer studies have been performed with
weak probes. Fewer still have been excitations in the neu-
tral sector of the weak interaction, i.e., with the exchange

of a Z0 boson [2, 3]. These neutral weak excitations can
be accessed through parity-violating electron scattering
experiments from the proton, where the proton is excited
to the ∆+ resonance. We report the measurement of the
parity-violating excitation of the ∆+ in electron-proton
scattering as part of the Qweak experiment [4] performed
at the Thomas Jefferson National Accelerator Facility in
Newport News, Virginia.

The parity-violating (PV) asymmetry in electron pro-
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ton scattering, in this case for the production of the ∆,
is

AN∆ =
σ+ − σ−

σ+ + σ−

(1)

where σ+(−) is the cross section for scattering electrons
of positive (negative) helicity (where the electron beam
polarization is parallel (anti-parallel) to the beam mo-
mentum). This can be expressed in terms of inelastic
response functions as [5]

AN∆ = − GF√
2

Q2

2πα
[∆π

(1) +∆π
(2) +∆π

(3)], (2)

where α is the electromagnetic coupling constant, GF is
the Fermi constant, and Q2 is the four-momentum trans-
fer. Here, ∆π

(1) = (1 − 2 sin2 θW ) is the isovector weak
charge with θW the weak mixing angle, ∆π

(2) contains
nonresonant background terms, and ∆π

(3) is the isovec-
tor, axial-vector nucleon response during its transition
to the ∆ resonance.

In addition to the nonresonant contribution in ∆π
(2),

which was analyzed in detail in [6], weak radiative cor-
rections which contribute to ∆π

(3) must be taken into ac-
count. During an investigation of these corrections to the
PV asymmetry in the N → ∆ transition, the authors of
Ref. [5], using a QCD-inspired model in a heavy-baryon
chiral perturbation theory (HBχPT) formalism, uncov-
ered a new type of radiative correction for inelastic re-
actions which does not contribute to elastic scattering.
Although originating from the same Feynman diagram
describing the so-called “anapole” contributions (i.e., a
photon coupling to a PV hadronic vertex), one correc-
tion involves a PV γN∆ electric-dipole transition, which
has no analog in the elastic channel. As a consequence of
Siegert’s theorem, the leading component from the con-
tribution of this transition amplitude is Q2-independent,
and is proportional to ω (ω = Ef −Ei) times the PV E1
matrix element, which is characterized by a low-energy
constant d∆, and can result in a non-vanishing PV asym-
metry at Q2 = 0 [5]. Thus, a measurement of the PV
asymmetry in the N → ∆ transition at the photon point,
or at very low Q2, provides a direct measurement of the
low-energy constant d∆, and therefore provides a con-
straint on the weak Lagrangian for this and other reac-
tions involving d∆.

The quantity d∆ is related to other interesting physics.
As mentioned above, d∆ is given by the PV E1 matrix
element, the same transition which drives the asymmetry
parameters in radiative hyperon decays, e.g., Σ+ → pγ.
A long-standing puzzle in hyperon decay physics has
been to understand the large, negative values obtained
for these parameters, which would vanish in the exact
SU(3) limit, a result known as Hara’s theorem [7]. Al-
though typical SU(3) breaking effects are of the order
(ms − mu)/(1.0 GeV) ≈ 15% [5], experimentally the

asymmetry parameter for Σ+ → pγ is found to be five
times larger. There has been renewed interest in under-
standing this puzzle in light of recent hyperon decay mea-
surements at BESIII [8, 9]. Borasoy and Holstein [10, 11]
proposed a solution to this puzzle by including high-mass
intermediate-state resonances (JP = 1/2−), where the
weak Lagrangian allows the coupling of both the hy-
peron and daughter nucleon to the intermediate-state
resonances, driving the asymmetry parameter to large
negative values. This same reaction mechanism was also
shown to simultaneously reproduce the s− and p− wave
amplitudes in nonleptonic hyperon decays, the simultane-
ous description of which has also been a puzzle in hyperon
decay physics. Thus, if the same underlying dynamics is
present in the non-strange sector (∆S = 0) as is present
in the strangeness-changing sector (∆S = 1), it would be
expected that d∆ is enhanced relative to its natural scale
(gπ = 3.8×10−8, corresponding to the scale of charged-
current hadronic PV effects [12, 13]). The authors of
[5] estimate that this enhancement may be as large as
a factor of 100, corresponding to an asymmetry of ≈ 4
ppm, an order of magnitude larger than the asymmetry
obtained for the Qweak elastic measurement [4]. Thus,
the measurement of this quantity provides a window into
the underlying dynamics of the unexpectedly large SU(3)
symmetry-breaking effects seen in hyperon decays.

The Experiment – The measurements reported here
were performed using a custom apparatus [14] built for
the Qweak experiment in Jefferson Lab’s Hall C. The ex-
perimental apparatus and its general performance are
thoroughly described in [14]; here we present only those
details relevant to the extraction of the PV asymmetries
in the N → ∆ transition. These measurements were car-
ried out over three separate running periods: two with
beam energy of 1.16 GeV (labeled Run 1 and Run 2, re-
spectively) and one dedicated run at 0.877 GeV. The 1.16
GeV electron beam currents were 165 µA for Run 1 and
180 µA for Run 2, and had purely longitudinal polariza-
tion of magnitude 89%. The 0.877 GeV beam was limited
to 100 µA, and had a significant (44%) transverse polar-
ization component, as calculated from beam spin preces-
sion through the accelerator knowing the beam energy
and magnetic fields. The transverse beam polarization
component introduced the largest systematic uncertain-
ties (through the uncertainties in the transverse asym-
metries from both the proton in the hydrogen target and
from aluminum in the target end caps) in extracting the
PV asymmetry at 0.877 GeV. For both beam energies,
the scattering angle was 7.9◦ with an acceptance width of
±3◦. The azimuthal angle φ covered 49% of 2π, resulting
in a solid angle of 43 msr. The acceptance-averaged four-
momenta Q2 values were 0.0208 and 0.0111 (GeV/c)2

[15], and the acceptance-averaged invariant mass W val-
ues were 1.212±0.001 and 1.191±0.001 GeV/c2 for beam
energies 1.16 and 0.877 GeV, respectively.

The polarization of the electron beam was reversed at a
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rate of 960 Hz pseudorandom sequence of “helicity quar-
tets” (+ − −+) or (− + +−). A half-wave plate in the
laser optics of the polarized source [16, 17] was inserted
or removed approximately every 8 hours to reverse the
beam polarity with respect to the rapid reversal control
signals. The beam current was measured using radio-
frequency resonant cavities, or beam current monitors
(BCMs). Five beam position monitors (BPMs) upstream
of the target were used to derive the position and angle of
the beam at the target. Energy changes were measured
with an additional BPM placed in a dispersive section of
the beam line.

The intrinsic beam diameter of ≈ 250 µm was rastered
to a uniform area of 4.0 × 4.0 mm2 at the unpolarized
liquid hydrogen (LH2) target [18]. The acceptance of
the experiment was defined by three Pb collimators, each
with eight sculpted openings. A symmetric array of four
luminosity monitors was placed on the upstream face of
the defining (middle) collimator [19].

A toroidal magnet, QTor, centered 6.5 m downstream
from the target center consisted of eight coils arrayed
azimuthally about the beam axis. The magnet provided
0.89 T·m at a setting of 8900 A, the current required to al-
low elastically scattered electrons from a 1.16 GeV beam
through the acceptance of the collimator-spectrometer
system. To perform the inelastic measurements reported
here, the magnet current was reduced to accept those
inelastic electrons which excited the ∆ resonance. For
the 1.16 GeV beam, that setting was 6700 A, while for
the 0.877 GeV beam, the setting was 4650 A (the elastic
scattering magnet setting for the 0.877 GeV beam was
6800 A).

The magnet concentrated the inelastically scattered
electrons onto eight radiation-hard synthetic fused-
quartz Cherenkov detectors arrayed symmetrically about
the beam axis [20]. Azimuthal symmetry was a crucial
aspect of the experiment’s design. It allowed us to min-
imize systematic errors from helicity-correlated changes
in the beam trajectory and contamination from residual
transverse asymmetries for the longitudinally polarized
beam, while also allowing us to map out the sinusoidal
dependence of the transverse asymmetry for transversely
polarized beam. Two 100×18×1.25 cm thick bars glued
together into 2 m long bars comprised each of the eight
detectors. Cherenkov light from the bars was read out by
12.7 cm diameter low-gain photomultiplier tubes (PMTs)
through quartz light guides on each end of the bar as-
sembly. The detectors were equipped with 2 cm thick
Pb preradiators which amplified the electron signal and
suppressed soft backgrounds.

With scattered inelastic electron rates of ≈ 50 MHz
per detector, a current-mode readout was required. The
anode current from each PMT was converted to a volt-
age using a custom low-noise preamplifier and digitized
with an 18 bit, 500 kHz sampling ADC whose outputs
were integrated every millisecond. A separate PMT base

was used to read out the detectors in a counting (indi-
vidual pulse) mode at much lower beam currents (0.1 -
200 nA) during calibration runs. During these runs, the
response of each detector was measured using a system
of drift chambers [21] and trigger scintillators [22] posi-
tioned in front of two detectors at a time and removed
during the asymmetry measurements. These counting-
mode runs were critical for comparison of measured data
rates to simulation rates for all physics processes gener-
ated in the LH2 target and the Al endcaps enclosing the
LH2, including pion production – these processes had a
much larger relative contribution to the detected signal
in the ∆ region than at the elastic peak [23]. As part of
these calibrations, we took short runs in which the mag-
net current was changed systematically in steps of 200 A
from the elastic peak, through the ∆ peak, and well into
the higher resonance region. These “field scans” allowed
us to measure the shape of the distribution of particle
rates as a function of excitation energy. These were com-
pared to the simulated version of these rates. Similar field
scans were performed in high beam-current mode using
current-mode readout to map out the dependence of the
detector signal on magnetic field. These were also com-
pared to the simulated version of these scans. Together,
these field scans were critical in allowing us to estimate
the signal fractions of background processes under the ∆
peak.

Data Analysis – The experimental raw asymmetry
Araw was calculated over each helicity quartet from the
integrated PMT signal normalized to the beam charge
(Y±) as Araw = (Y+ − Y−)/(Y+ + Y−) and averaged over
all detectors. The Araw values (listed in Table 1 for all
three running periods) were corrected for false asymme-
tries associated with helicity-correlated beam properties
to form the measured asymmetry Ameas:

Ameas = Araw+ABCM+Abeam+ABB+AL+AT +Abias−Ablind.

(3)

ABCM is the false asymmetry induced by helicity-
correlated beam current differences, and is zero by defi-
nition. This is because this effect is included in the data
analyzer in the formation of Araw. We include this term
here to ensure that the uncertainty on this correction
due to the choice of BCM used to normalize the detec-
tor signals to the beam charge is propagated through to
the uncertainty in the measured asymmetry. This con-
tribution, along with many others that contribute to all
PV electron scattering experiments at Jefferson Lab, was
studied in detail in [24]. Abeam is the false asymmetry
induced due to helicity-correlated beam position, angle,
and energy

Abeam =

5
∑

i=1

(

∂Adet

∂χi

)

∆χi. (4)

where the ∆χi are the helicity-correlated changes in
beam trajectory or energy over the helicity quartet, and
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the slopes ∂A/∂χi were determined using linear regres-
sion applied to natural motion of the beam, as well
as from deliberate periodic modulation of beam prop-
erties [4]. ABB is a correction for the false asymmetry
induced byhelicity-correlated background scattered from
the beamline. It was estimated using the correlation
∂Adet/∂Alumi between the main detectors and luminosity
monitors placed just downstream of the target but out of
the acceptance of the spectrometer. The correlation was
multiplied by the asymmetry measured in the luminosity
monitors for each running period ∆Alumi [4],

ABB =

(

∂Adet

∂Alumi

)

∆Alumi. (5)

ABB depended on beam conditions and was the largest
contributor to the total uncertainty on the PV N → ∆
asymmetries for both of the 1.16 GeV data sets. AL

is a correction that takes into account the small non-
linearity in the detector PMT response. AT accounts
for the transverse component in the longitudinally polar-
ized beam [25]. Abias is a correction that arose from the
polarized electrons undergoing primarily Mott scattering
from the lead nuclei in the lead preradiators positioned
in front of the quartz detectors. This correction has been
documented at length in [4]. Finally, Ablind is a con-
stant offset (randomly chosen in a range between ± 50%
of the expected standard model value of the ep elastic
asymmetry) which was added into the data stream and
whose value was not known by the collaboration during
the data analysis. After the data analysis was completed,
Ablind was subtracted from the measured asymmetry. All
of these false asymmetries are listed in Table 1 for each
of the running periods studied here.

The fully-corrected physics asymmetry AN→∆ was ob-
tained using the following equation which accounts for
electromagnetic radiative corrections, kinematics nor-
malization, polarization, and backgrounds:

AN→∆ = Rtot

Ameas/P −∑

i=1,3,4,5 fiAi

1−
∑5

i=1 fi
. (6)

Here Rtot = RRCRDetRAccRQ2 , where RRC is a radia-
tive correction deduced from simulations with and with-
out bremsstrahlung using methods described in Refs.
[26, 27], RDet accounts for the measured light varia-
tion and non-uniform Q2 distribution across the detec-
tor bars, RAcc is an effective kinematics correction [27]
which corrects the asymmetry from ïA(Q2)ð to A(ïQ2ð),
and RQ2 represents the precision in calibrating the cen-
tral Q2 value. P is the longitudinal beam polarization
determined with Moller [28] and Compton [29] polarime-
ters, which were cross checked against each other [30].

For each of the backgrounds bi = fiAi, fi is the fraction
of the total signal due to background i included in the
N → ∆ signal, and Ai is the asymmetry for that process.
All of these background fractions and asymmetries are
listed in Table 1 for the three different running periods.

The largest background comes from the radiative tail
of the elastic peak (b4) which lies underneath the N → ∆
peak. The fraction f4 was nearly 75% for 1.16 GeV, and
nearly 80% for 0.877 GeV, and was determined by ex-
tensive simulations of the magnetic field scans discussed
earlier. Fortunately, the elastic asymmetry A4 was mea-
sured to high precision (≈ 4% relative error) at 1.16 GeV
in the Qweak experiment. Since the PV asymmetries in
both elastic and inelastic scattering have a leading Q2

dependence which is linear, and the Q2 values are quite
close for elastic and inelastic scattering at the ∆ peak,
a simple linear scaling in Q2 from the elastic peak to
the ∆ peak (including a small correction to account for
bremsstrahlung in the target) allowed us to determine
A4. Another correction comes from the aluminum win-
dows of the target cell (b1). The cell-window asymmetry
A1 was measured in dedicated runs with dummy targets
at the magnetic field for the ∆ peak for each beam energy
setting, while the fraction f1 was determined through
simulation. A fraction (f2 associated with ABB, discussed
above) is that due to scattering sources in the beam line.
This fraction was studied in detail for both elastic and
inelastic signals [31]. An extensive study of the back-
ground of neutral particles seen by the Cherenkov de-
tectors [31] determined their fraction f3 and asymmetry
A3. A final correction (b5) was made to account for the
π−’s accepted through the spectrometer and into the de-
tectors in the ∆ region from the LH2 (from two-pion
production off the protons) and from the Al endcaps
(from single π− production off the neutrons in the Al
nuclei). The fraction f5 was determined through simu-
lation. There are no theoretical estimates found in the
literature for A5, the PV asymmetry in pion production
from the proton where the pions are detected, so we as-
sign a value corresponding to the leading term for all PV
electron-scattering asymmetries for processes with single
weak boson exchange A0 = −GFQ

2/(
√
22πα), and con-

servatively assign an uncertainty of 100% of this value
for each of the Q2 values studied here. All background
fractions fi and asymmetries Ai are listed in Table 1 for
each running period. The majority of the analysis of the
0.877 GeV data was performed in [32]. An early analysis
of the 1.16 GeV data set was carried out in [19], and a
later analysis which included all of the final corrections
to the 1.16 GeV asymmetries was performed in [33].

Results and Summary – The final asymmetries were
obtained using Eqs. 3 and 6 and the results in Ta-
ble 1. Quoting statistical and systematic errors sep-
arately, these are for 0.877 GeV, AN→∆ = −0.65 ±
1.00(stat.)±1.02(sys.) ppm, for 1.16 GeV (Run 1) AN→∆

= −4.18±1.36(stat.)±1.86(sys.) ppm, and for 1.16 GeV
(Run 2) AN→∆ = −3.28 ± 1.02(stat.) ± 1.91(sys.) ppm.
Combining the 1.16 GeV results for Runs 1 and 2, tak-
ing into account the correlations among the systematic
errors for those two running periods gives, AN→∆ =
−3.59± 0.82(stat.)± 1.33(syst.) ppm.
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Quantity 0.877 GeV 1.16 GeV Run 1 1.16 GeV Run 2

Araw −0.076± 0.075 −1.36± 0.22 −0.685± 0.17

ABCM 0 ± 0.010 0 ± 0.04 0 ± 0.03
Abeam −0.018± 0.010 0.04 ± 0.04 −0.052± 0.052

ABB 0.028 ± 0.014 0.52 ± 0.24 0.093 ± 0.194
AL 0.0001 ± 0.0004 0.002 ± 0.001 0.0011 ± 0.0009
AT −0.036± 0.047 0 ± 0.032 0 ± 0.012
Abias 0.0022 ± 0.0016 0.0035 ± 0.0024 0.0035 ± 0.0024
Ablind 0.00669 ± 0 −0.0253± 0 0.00669 ± 0
Ameas −0.105± 0.091 −0.770± 0.33 −0.645± 0.26

Rdet 0.9857 ± 0.0022 0.9811 ± 0.0022 0.9811 ± 0.0022
RRC 1.01 ± 0.005 1.01 ± 0.005 1.01 ± 0.005
RAcc 1 ± 0.01 1 ± 0.01 1 ± 0.01
RQ2 1 ± 0.0045 1 ± 0.0045 1 ± 0.0045

Rtot 0.9956 ± 0.050 0.9909 ± 0.012 0.9909 ± 0.012
P 0.788 ± 0.016 0.8585 ± 0.010 0.886 ± 0.006
f1 0.069 ± 0.0034 0.0358 ± 0.0018 0.0358 ± 0.0018
A1 0.36 ± 0.89 1.61 ± 1.15 1.61 ± 1.15
f3 0.0018 ± 0.0072 0.024 ± 0.020 0.024 ± 0.020
A3 −0.17± 0.10 −0.31± 0.12 −0.31± 0.12

f4 0.790 ± 0.046 0.7242 ± 0.042 0.7242 ± 0.042
A4 −0.096± 0.015 −0.174± 0.016 −0.174± 0.016

f5 0.0097 ± 0.0048 0.0094 ± 0.0047 0.0094 ± 0.0047
A5 −2.07± 2.07 −3.60± 3.60 −3.60± 3.60

f2 0.0343 ± 0.0040 0.020 ± 0.008 0.020 ± 0.008
AN→∆ −0.65± 1.43 −4.18± 2.31 −3.28± 2.16

TABLE I. Measured and false asymmetries, background frac-
tions and asymmetries, radiative corrections, and all param-
eters required to calculate the N → ∆ asymmetries in the
different kinematics and running periods. All asymmetries
have units of parts per million (ppm), while the polarization
(P ), radiative correction terms (R’s), and background frac-
tions (fi’s) are absolute values relative to 1.00.

Plotting these two values of the PV N → ∆ asymme-
try as a function of Q2, along with predictions of this
asymmetry at low Q2 [5] for different values of d∆ (see
Fig. 1) gives us a good indication of the importance of
this particular radiative correction to the N → ∆ transi-
tion. Based on the position of the two data points at their
respective Q2 values relative to the curves of [5] for d∆
= 0 and 25gπ, we can determine the measured values of
d∆ for the two measured asymmetries separately. We find
d∆ = (−20±25(stat.)±26(syst.)±3(theory))gπ for 0.877
GeV and d∆ = (21± 20(stat.)± 33(syst.)± 3(theory))gπ
for 1.16 GeV, where we have added a small theory er-
ror to account for the fact that the calculations of [5]
were performed at a beam energy of 0.424 GeV and tak-
ing into account the predicted slowly-varying energy de-
pendence [34]. Both of the measured values of d∆ re-
ported here are consistent with d∆ = 0 within errors. We
note that the G0 Collaboration has published a value of
d∆ = (8.1 ± 23.7(stat.) ± 8.3(syst.) ± 0.7(theory))gπ off
the neutron via the γ + d → ∆0 + p reaction [2] at Q2

= 0.0032 (GeV/c)2, which is also consistent with zero.
Because the G0 result is from a different reaction than
the data reported here, we choose not to include the G0
point in Fig. 1.

Combining the statistical, systematic, and theoreti-

0 0.005 0.01 0.015 0.02 0.025 0.03
]2[GeV2Q

10−

8−

6−

4−

2−

0

 [
p

p
m

]
p

v
A

Qweak(0.877 GeV)

Qweak(1.16 GeV)

 = 0
∆

d

π
 = 100 g

∆
d

FIG. 1. Plot of the N → ∆ asymmetry measurements as
a function of Q2 for the measurements reported here, along
with the calculations of this asymmetry at low Q2 from [5]
for different values of d∆ ranging from 0 (solid black) to 100
gπ (dot-dash magenta) in steps of 25gπ.

cal errors from our two measurements of d∆, we find
d∆ = (−20± 36)gπ for 0.877 GeV and d∆ = (21± 39)gπ
for 1.16 GeV. Taking the weighted average of these two
independent measurements yields a final value of d∆ =
(−1.5± 26)gπ, which is again consistent with d∆ = 0.

The PV E1 matrix element characterized by the low-
energy constant d∆ in the weak Lagrangian was proposed
to be large in the ∆S = 1 (strangeness-changing) sector
of the weak interaction as evidenced by the large asym-
metry parameters seen in weak hyperon decays such as
Σ+ → pγ which are driven by this matrix element, in
contradiction to what standard SU(3) symmetry break-
ing predicts, yet is found to be small and even consistent
with zero in the ∆S = 0 (strangeness-conserving) sector
as seen in the PV asymmetries in the N → ∆ transition
reported here. The dynamics included in a QCD-based
model [5] which predict large values of d∆ and drive the
weak hyperon-decay asymmetry parameters to large neg-
ative values in better agreement with experiment in the
∆S = 1 channel do not seem to be present in the PV
asymmetries in the N → ∆ transition in the ∆S = 0
channel, which is also driven by the d∆ matrix element.
Thus the QCD-based model which is successful in the
∆S = 1 channel does not apply in the ∆S = 0 channel
and suggests that different dynamics must be considered
for this latter channel.
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