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Abstract In May 2012, the Qp
Weak collaboration completed a two year measure-

ment program to determine the weak charge of the proton Qp
W =

(
1− 4 sin2 θW

)
at the Thomas Jefferson National Accelerator Facility (TJNAF). The experiment
was designed to produce a 4.0% measurement of the weak charge, via a 2.5% mea-
surement of the parity violating asymmetry in the number of elastically scattered
1.165 GeV electrons from protons, at forward angles. At the proposed precision,
the experiment would produce a 0.3% measurement of the weak mixing angle at a
momentum transfer of Q2 = 0.026 GeV2, making it the most precise stand alone
measurement of the weak mixing angle at low momentum transfer. In combination
with other parity measurements, Qp

Weak will also provide a high precision determi-
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nation of the weak charges of the up and down quarks. At the proposed precision,
a significant deviation from the Standard Model prediction could be a signal of
new physics at mass scales up to ≃ 6 TeV, whereas agreement would place new
and significant constraints on possible Standard Model extensions at mass scales
up to ≃ 2 TeV. This paper provides an overview of the physics and the experiment,
as well as a brief look at some preliminary diagnostic and analysis data.

Keywords Standard Model · Weak Charge · Parity Violation · Electron
Scattering · New Physics

PACS 12.15.Mm · 12.60.Cn · 25.30.Bf · 11.30.Er

1 Introduction

Precision measurements at moderate and low energies can provide important in-
formation in the search for physics beyond the Standard Model (SM), in a way
that is complementary to direct new particle searches at high energy colliders,
such as the Large Hadron Collider (LHC) at CERN. For instance, while the LHC
may discover a new heavy boson, it may not necessarily be able to identify its
role or how it couples to the particles of the SM. Such questions can sometimes
be answered by other experiments that look for a discrepancy of suppressed and
sensitive observables with their SM predicted values [1,2]. The significance of low
energy searches becomes even more evident when one compares several experi-
ments with differing dependencies on a particular model. A case in point would be
the measurements of the proton and electron [3] weak charges, which must both
have a pull to larger values for Super-Symmetry (SUSY) loops, a pull in oppo-
site directions (larger and smaller respectively) for R-parity violating SUSY, and
a positive pull (no pull) for the proton weak charge (electron weak charge), for
models involving leptoquarks.

The subject of this paper is the Qp
Weak experiment, which completed a two

year long measurement program in May 2012, in Hall C at the Thomas Jefferson
National Accelerator Facility (TJNAF), to measure the weak charge of the pro-
ton Qp

W = 1 − 4 sin2 θW ≃ 0.075. The weak charge of the proton is a suppressed
quantity in the SM and results from this experiment, in conjunction with previ-
ous and future measurements of parity-violating electron scattering, will therefore
constrain the possibility of relevant physics beyond the Standard Model to the
multi-TeV energy scale. The Qp

Weak experiment started data production in fall
2010.

The experimental observable is the parity violating asymmetry in the number
of elastically scattered electrons (Ebeam = 1.165 GeV) from protons at very for-
ward angles (θ = 8 ± 2◦). The aim is a measurement of the asymmetry with a
±2.1% statistical and ±1.3% systematic uncertainty. In terms of the weak charges
and nucleon form factors, the asymmetry is given by [4]1

APV (e, p) = k(Q2Qp
W +AH,V +AH,A)

1 k ≡ − GF

4πα
√

2
, ϵ ≡ 1

1+2(1+τ) tan2 θ
2

, ϵ′ ≡
√

τ(1 + τ)(1− ϵ2), and τ ≡ Q2/4M2
N .
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Fig. 1 Left: Calculated running of the weak mixing angle in the Standard Model, as defined in
the modified minimal subtraction scheme [13]. The black error bars show completed measure-
ments [14–17], while the red error bar (with arbitrarily chosen vertical location) refers to the
proposed 4% Qp

Weak
measurement. Right: Constraints on the neutral weak effective couplings

to up and down quarks [6]. The dotted contour displays the experimental limits (95% CL)
reported in the PDG [17] together with the prediction of the Standard Model (black star).
The solid blue line indicates the anticipated constraint from the planned Qp

W measurement,
assuming the SM value.
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(1)

At the chosen momentum transfer (Q2 = 0.026 GeV2), the SM predicted size
of the asymmetry is ≃ −230 ppb. Based on this prediction, the goal uncertainty is
≃ ±6 ppb. Besides the proton weak charge, the asymmetry has contributions from
hadronic form factors. At tree level, the first term in the asymmetry is proportional
to the weak charge of the proton Qp

W =
(
1− 4 sin2 θW

)
and has a Standard

Model predicted value of ≃ −150 ppb. This term has contributions from radiative
corrections, as well as from possible new physics. The hadronic portion of the
asymmetry has two terms, corresponding to the vector and axial vector hadronic
currents. These are parameterized in terms of the electromagnetic form factors
of the neutron and proton (Gp,γ

E , Gn,γ
E , Gp,γ

M , Gn,γ
M ), as well as the strange and

axial form factors (Gs
E , Gs

M , Gp,Z
A ) respectively. At the chosen kinematics, the

vector contribution to the asymmetry is about ≃ −70 ppb, while the axial vector
contribution is about ≃ −10 ppb. The asymmetry decreases with momentum
transfer, making the measurement at lower Q2 harder. However, at this low Q2,
the weak charge contribution to the asymmetry has been maximized relative to
the contributions from hadronic effects, while still allowing the measurement of the
asymmetry within a reasonable time. This is possible, because the hadronic terms
have an overall Q4 dependence, while the weak charge term has a Q2 dependence.
The hadronic contributions are well constrained by the world data set [5,6].

The SM and extensive calculations of radiative corrections [7–12] allow for a
precise prediction of Qp

W , as a function of the weak mixing angle, sin2 θW , from
the Z0 pole down to low energies, as shown in Fig. 1. The precise measurements
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Fig. 2 Left: Engineering drawing of the experimental layout. The beam runs from left to
right in the figure. Right: Simulated event pattern in the focal plane for all eight octants. Only
elastic events are shown.

near the Z0 pole anchor the curve at one particular energy scale. The shape of the
curve away from this point is a prediction of the SM and to test this prediction
one needs precise, off-peak measurements.

Beyond tree level, the weak charge of the proton can be written as Qp
W =

ρPV

(
1− 4κPV sin2 θW

)
+ λp = −2 (2C1u + C1d), where ρPV , κPV , and λp are pa-

rameters that contain both radiative corrections within the Standard Model, as
well as contributions from possible new physics [9]. The Standard Model radiative
corrections for Qp

W include terms from γZ, ZZ, WW box and other loop diagrams.
Additional radiative corrections associated with fermion and massive vector boson
loops collectively give rise to the scale dependence (running) of the weak mixing an-
gle, as seen in Fig 1. The quark weak charges relevant for theQP

Weak experiment are

C1u = 1
2ρ

′

eq

(
1− 8

3κ
′

eq sin
2 θW

)
+λ1u and C1d = 1

2ρ
′

eq

(
−1 + 4

3κ
′

eq sin
2 θW

)
+λ1d.

Figure 1 shows the constraints on the quark weak charges, placed by the indicated
completed measurements (From [6]). Combining the projected Qp

W measurement
(in blue) with the previous experimental results will therefore lead to a significant
improvement in the allowed range of values for C1u and C1d. Assuming the Stan-
dard Model holds, the resulting new limits will significantly constrain new physics
to be above a mass scale of ≈ 2 TeV, for new weakly coupled physics.

2 Experimental Overview

The experimental layout is shown in Fig. 2. The main challenges for this exper-
iment arise from the small expected asymmetry (−230 ppb) and the high pre-
cision goal in connection with possible backgrounds and systematic effects. The
experiment itself consists of well established technology. However, due to the high
precision goal, several techniques were pushed to levels beyond where any other
experiment has performed to date, both in precision and capacity. Examples of
this include the target, which is the world’s highest power liquid hydrogen (LH2)
target used in an electron scattering experiment [18], a very fast electron beam
helicity reversal rate of 960 Hz (see below), and a very high electron polarization
of 89%. See [19] for a full description of the experiment.
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The measured or raw asymmetry for a given detector PMT is given by the
following expressions:

Araw =
Y + − Y −

Y + + Y − = P

(
fpAPV (e, p) +

∑
b

fbAb

)
+Abeam +Aϵ (2)

Y ± = Y o (1±Araw)± ϵ . (3)

Here, Y ± is the total signal yield seen in a given PMT for a right-handed (+) or

left-handed (-) electron beam helicity state.The factors fp =
⟨Yp⟩
⟨Y ⟩ and fb = ⟨Yb⟩

⟨Y ⟩
are the fractional physics of interest and background contributions, respectively,
to the total yield for the PMT. P is the beam polarization, the Ab are various
background asymmetries, and Abeam = Abeam(E, x, y, x′, y′) is the false asym-
metry due to helicity correlated beam changes. The latter includes yield changes
due to beam position (x, y), beam angle (x′, y′), and beam energy (E) on target.
The total yield is normalized to the beam current. The Aϵ and ϵ terms are elec-
tronic contributions from a small (but possible) helicity signal leakage into the
data acquisition (DAQ) electronics or the detector pedestal. With this in mind,
the experiment was designed to make high precision measurements of the beam
polarization, the momentum transfer, and the signal yield. The experiment was
also designed to suppress backgrounds and helicity correlated electronic and beam
effects as much as possible, and experimental components were included in the de-
sign, to allow ancillary measurements of both background asymmetries and yields,
as well as helicity correlated beam parameter changes.

The experiment made use of two polarimeters, a Compton polarimeter, used
for continuous polarization measurements at full current, and a Møller polarimeter
used for short invasive polarimetry two or three times a week at lower currents.
Measurement of beam parameters was facilitated by a series of beam current mon-
itors, beam position monitors, luminosity monitors, and beam halo monitors. The
polarimeters and beam monitors are located upstream of the target and are not
shown in Fig. 2. From left to right in Fig. 2, a 180 µA 85% longitudinally polarized
beam of 1.165 GeV electrons is incident on a LH2 target with 2.5 kW of cooling
power. The high power, low noise target provides the high luminosity needed to
reach the statistical goal within the scheduled running time. The scattered elec-
trons are collimated to define an average scattering angle of θ = 8 ± 2◦ and an
azimuthal acceptance of 53% of 2π. The collimators were carefully designed and
constructed to produce a well known Q2 range and suppress backgrounds. An
eight sector toroidal magnet focuses the scattered electrons onto a set of eight,
two meter long quartz Čerenkov bars. The scattered beam profile is shown on the
right-hand side in Fig. 2.

The octagonal symmetry arrangement of the detectors allows for various choices
of detector combinations that suppress helicity correlated beam motion effects
when extracting the asymmetry from the signal. The detectors are surrounded by
heavy shielding walls and ceiling, to suppress ambient soft photon and neutron
background present in the experimental hall. Four sets of wire chambers are used
(two horizontal wire chambers (HDCs) before the magnet, at the collimators, and
two vertical wire chambers (VDCs) in front of the detectors) to allow for calibra-
tion mode (at nA level beam currents) Q2 determination and background mea-
surements. The chambers are mounted on rotators, which allows measurements in
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all 8 octants. For the Q2 determination, the chambers provide two independent
measurements of the electron tracks (before and after the spectrometer), which
are connected in the analysis, using the accurately mapped spectrometer field.
The HDCs are also used to determine the scattering vertex in the target. A single
1 cm3 scanning Čerenkov detector is placed in front of one of the main Čerenkov
detectors, to facilitate the Q2 measurement at full beam current. Luminosity mon-
itors are placed downstream of the main detectors.

At full current, the event rate per main detector is about 900 MHz and they are
therefore operated in current mode. The size of the main detectors (2 meters long,
18 cm wide and 1.25 cm thick), their position (≈ 3.8 meter radial distance from
the forward beam line and ≈ 5.6 meters from the center of the magnet), and their
angle with respect to the vertical (0◦) were carefully chosen to maximize the elastic
electron rate, maximize light output, and minimize backgrounds. The Čerenkov
light is detected by two photomultiplier tubes (PMT) for each quartz bar; one on
each side. A 2 cm thick lead pre-radiator is mounted in front of each quartz bar, to
increase the light yield from scattered electrons, using showering, and to decrease
the signal from photon backgrounds. The pre-radiated quartz detectors and the
two PMTs together produce a light yield of about 90 photoelectrons per scattered
electron event.

The experimental asymmetry must be corrected for backgrounds from electrons
scattering off of the aluminum target windows, for backgrounds from inelastically
scattered electrons as well as for soft photon and neutron background. Careful
measurements of these backgrounds were done either through ancillary data runs,
at various spectrometer field settings and beam energies, or in-situ, using back-
ground detectors placed in various locations around the main detectors.

3 Analysis and Some Preliminary Data

The data analysis for the asymmetry, polarization, and Q2 measurements is on-
going. All results presented in this paper are preliminary and blinded (see below).
Here we only present some diagnostic data and a small, blinded excerpt of asym-
metry data for illustrative purposes. The primary technology used in the clean
extraction of the asymmetry in Eqn. 2 is fast helicity reversal. Since any part
of the signal seen in the detectors can and does fluctuate, the faster the helicity
reversal, the more accurate is the description of the experimental apparatus as a
linear measurement device. Possible signal changes include slow gain drifts, target
density fluctuations, and beam drifts. The TJNAF laser source can accommodate
high helicity reversal rates with high polarization, using a Pockels cell. QP

Weak

routinely ran at a 960 Hz helicity reversal rate, coupled with a reversal pattern
of (+ − −+) or (− + +−) for consecutive helicity windows and with the initial
window polarity changed pseudo-randomly. Either of these patterns removes any
linear drift in the signal and the fast reversal makes the approximation of relatively
slow random fluctuations as linear drifts valid. Experimental drifts and fluctua-
tions, such as those mentioned above were measured during the experiment and
verified to be slow compared with the helicity reversal.

The signal within each helicity window is integrated and a separate asymmetry
is calculated for each helicity pattern, from Eqn. 2. When averaged over long time
periods (in the QP

Weak case at least 5 minutes for a so called runlet, defined based
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Fig. 3 Left: Histogram of pattern asymmetries with an RMS width that is slightly better than
the expected width of ≃ 230 ppm. Right: Asymmetries for different half-wave plate (HWP)
settings (in and out), but for the same Wien setting (see definition in the text). The average
size of the asymmetry is consistent with a simple sign change for the two HWP settings, within
the statistical error. The asymmetries are preliminary and blinded with a 60 ppb box (see text).
Each HWP setting consists of about 4 hours of data.

on a manageable file size), the small remaining asymmetries due to non-linear
drifts should have random signs and average out. The only remnant of these drifts
and fluctuations is then an increase in the measured root-mean-square (RMS)
width of the distribution of measured asymmetries; a contribution to the statistical
uncertainty above simple counting statistics. The proximity (or lack thereof) to
the counting statistics RMS width is a measure of the efficiency and health of the
experiment. A typical example of the asymmetry distribution is shown on the left
in Fig. 3. The expected RMS width is ≃ 230 ppm, including all contributions from
counting statistics (≃ 200 ppm), detector resolution (≃ 90 ppm), beam current
monitor resolution (≃ 50 ppm), and target boiling noise (≃ 60 ppm). An example
of a measured RMS width of (≃ 225 ppm) is shown on the left in Fig. 3.

All remaining asymmetries are true systematic effects, such as those associated
with helicity correlated beam changes and background physics. Sensitivities of the
detectors to helicity correlated beam properties are measured in dedicated beam
modulation runs, as well as from natural beam motion, during routine data pro-
duction. These sensitivities are then used in regression, when the actual physics
asymmetry of interest is extracted from the data. Additional helicity reversal tech-
niques, so called slow reversal, are used to cancel systematic effects introduced in
the source (e.g. at the photo cathode or in the Pockels cell). These include inser-
tion of one or two half-wave plates after the Pockels cell, approximately every four
hours, and a Wien electron spin rotation in the injector beam every few weeks.
When a half-wave plate is inserted or a Wien flip is performed, the polarity (sign)
of the asymmetry changes and the consistency with which this happens, without
any changes in the size of the asymmetry, is an important measure of the system-
atic integrity of the experimental data. An example of this is shown on the right
in Fig. 3. For the blinding, the raw asymmetries as defined in Eqn. 2, are shifted
by an additive ”blinding offset”, which has a constant magnitude but changes sign
with insertion and removal of the half-wave plate, or with a change of the Wien
setting. The magnitude of the blinding offset is not known to the experimenters,
but is calculated in the analysis software using a seeded random algorithm to select
an offset value in the range of ±60 ppb.
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4 Conclusion

The Qp
Weak collaboration has successfully completed a two year long measurement

program with very high statistics and excellent control of systematic effects. This
constitutes the first measurement of the proton weak charge and a search for
new physics beyond the Standard Model up to mass scales of ≃ 6 TeV (model
dependent). The collaboration is currently working on the completion of the data
analysis.
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