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Measure the parity violating asymmetry in electron scattering from 
hydrogen and deuterium in the nucleon resonance region at low Q2  

(0.25 < Q2 < 0.8 GeV2) 

First measurement on a proton target
Increase in precision over existing deuterium data
Push data to Q2 values where:

resonances are more pronounced, 
duality is less well established,
impact on γZ box diagrams is most significant

28 Days in Hall C
4.4 GeV longitudinally polarized electrons up to 80 uA
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19. Structure functions 1

19. STRUCTURE FUNCTIONS

Updated September 2015 by B. Foster (University of Hamburg/DESY), A.D. Martin
(University of Durham), R.S. Thorne (University College London) and M.G. Vincter
(Carleton University).

19.1. Deep inelastic scattering

High-energy lepton-nucleon scattering (deep inelastic scattering) plays a key role in
determining the partonic structure of the proton. The process ℓN → ℓ′X is illustrated in
Fig. 19.1. The filled circle in this figure represents the internal structure of the proton
which can be expressed in terms of structure functions.
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Figure 19.1: Kinematic quantities for the description of deep inelastic scattering.
The quantities k and k′ are the four-momenta of the incoming and outgoing
leptons, P is the four-momentum of a nucleon with mass M , and W is the mass
of the recoiling system X . The exchanged particle is a γ, W±, or Z; it transfers
four-momentum q = k − k′ to the nucleon.

Invariant quantities:

ν =
q · P
M

= E − E′ is the lepton’s energy loss in the nucleon rest frame (in earlier
literature sometimes ν = q · P ). Here, E and E′ are the initial and final
lepton energies in the nucleon rest frame.

Q2 = −q2 = 2(EE′−−→
k ·−→k ′)−m2

ℓ −m2
ℓ′ where mℓ(mℓ′) is the initial (final) lepton mass.

If EE′ sin2(θ/2) ≫ m2
ℓ , m2

ℓ′ , then

≈ 4EE′ sin2(θ/2), where θ is the lepton’s scattering angle with respect to the lepton
beam direction.

x =
Q2

2Mν
where, in the parton model, x is the fraction of the nucleon’s momentum

carried by the struck quark.

y =
q · P
k · P

=
ν

E
is the fraction of the lepton’s energy lost in the nucleon rest frame.

W 2 = (P + q)2 = M2 + 2Mν − Q2 is the mass squared of the system X recoiling against
the scattered lepton.

s = (k + P )2 =
Q2

xy
+ M2 + m2

ℓ is the center-of-mass energy squared of the lepton-nucleon

system.
K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update
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The process in Fig. 19.1 is called deep (Q2 ≫ M2) inelastic (W 2 ≫ M2) scattering
(DIS). In what follows, the masses of the initial and scattered leptons, mℓ and mℓ′ , are
neglected.

19.1.1. DIS cross sections :

The double-differential cross section for deep inelastic scattering can be expressed in
terms of kinematic variables in several ways.

d2σ

dx dy
= x (s − M2)

d2σ

dx dQ2
=

2π Mν

E′

d2σ

dΩNrest dE′ . (19.1)

In lowest-order perturbation theory, the cross section for the scattering of polarized
leptons on polarized nucleons can be expressed in terms of the products of leptonic and
hadronic tensors associated with the coupling of the exchanged bosons at the upper and
lower vertices in Fig. 19.1 (see Refs. 1–4)

d2σ

dxdy
=

2πyα2

Q4

∑

j

ηj Lµν
j W j

µν . (19.2)

For neutral-current processes, the summation is over j = γ, Z and γZ representing
photon and Z exchange and the interference between them, whereas for charged-current
interactions there is only W exchange, j = W . (For transverse nucleon polarization, there
is a dependence on the azimuthal angle of the scattered lepton.) The lepton tensor Lµν is
associated with the coupling of the exchange boson to the leptons. For incoming leptons
of charge e = ±1 and helicity λ = ±1,

Lγ
µν = 2

(

kµk′ν + k′µkν − (k · k′ − m2
ℓ )gµν − iλεµναβkαk′β

)

,

LγZ
µν =(ge

V + eλge
A) Lγ

µν , LZ
µν = (ge

V + eλge
A)2 Lγ

µν ,

LW
µν =(1 + eλ)2 Lγ

µν , (19.3)

where ge
V = − 1

2
+ 2 sin2 θW , ge

A = − 1

2
.

Although here the helicity formalism is adopted, an alternative approach is to express the
tensors in Eq. (19.3) in terms of the polarization of the lepton.

The factors ηj in Eq. (19.2) denote the ratios of the corresponding propagators and
couplings to the photon propagator and coupling squared

ηγ = 1 ; ηγZ =

(

GF M2
Z

2
√

2πα

) (

Q2

Q2 + M2
Z

)

;

ηZ = η2
γZ ; ηW = 1

2

(

GF M2
W

4πα

Q2

Q2 + M2
W

)2

. (19.4)
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The hadronic tensor, which describes the interaction of the appropriate electroweak
currents with the target nucleon, is given by

Wµν =
1

4π

∫

d4z eiq·z
〈

P, S
∣

∣

∣

[

J†
µ(z), Jν(0)

]
∣

∣

∣
P, S

〉

, (19.5)

where S denotes the nucleon-spin 4-vector, with S2 = −M2 and S · P = 0.

19.2. Structure functions of the proton

The structure functions are defined in terms of the hadronic tensor (see Refs. 1–3)

Wµν =

(

−gµν +
qµqν

q2

)

F1(x, Q2) +
P̂µP̂ν

P · q
F2(x, Q2)

− iεµναβ
qαPβ

2P · q
F3(x, Q2)

+ iεµναβ
qα

P · q

[

Sβg1(x, Q2) +

(

Sβ −
S · q
P · q

Pβ
)

g2(x, Q2)

]

+
1

P · q

[

1

2

(

P̂µŜν + ŜµP̂ν

)

−
S · q
P · q

P̂µP̂ν

]

g3(x, Q2)

+
S · q
P · q

[

P̂µP̂ν

P · q
g4(x, Q2) +

(

−gµν +
qµqν

q2

)

g5(x, Q2)

]

(19.6)

where

P̂µ = Pµ −
P · q
q2

qµ, Ŝµ = Sµ −
S · q
q2

qµ . (19.7)

In Ref. 2, the definition of Wµν with µ ↔ ν is adopted, which changes the sign of
the εµναβ terms in Eq. (19.6), although the formulae given below are unchanged. Ref. 1
tabulates the relation between the structure functions defined in Eq. (19.6) and other
choices available in the literature.

The cross sections for neutral- and charged-current deep inelastic scattering on
unpolarized nucleons can be written in terms of the structure functions in the generic
form

d2σi

dxdy
=

4πα2

xyQ2
ηi

{(

1 − y −
x2y2M2

Q2

)

F i
2

+ y2xF i
1 ∓

(

y −
y2

2

)

xF i
3

}

, (19.8)

where i = NC, CC corresponds to neutral-current (eN → eX) or charged-current
(eN → νX or νN → eX) processes, respectively. For incoming neutrinos, LW

µν of
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lowest-order perturbation theory 

Hadronic tensor 
written in terms of 
structure functions
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Parity Violating Electron Scattering (PVES)
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k k’

P

γ∗

P

Z
0

k k’

The asymmetry in PVES depends on 
the γZ and γ structure functions  



Mark Dalton PAC - July 2016Parity Violation in the Resonance Region

Resonance Region
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Composed of multiple broad 
and overlapping resonances 
and a continuum background.  
(Not separated in a model 
independent way.)

Resonances described in terms of transition form factors to specific 
resonant states 

the weak current will couple to individual resonances differently than the 
electromagnetic current 

Not expected to be described by Parton Distribution Functions,
except observations of quark-hadron duality

response averaged over resonances equal that at higher Q2 (target mass 
and leading-log corrections)
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The Weak Charge of the Proton
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pp

q

k k k k

p p

q

Allows the extraction of the weak mixing angle

neglecting the small contribution from strange quarks.
In general, the hadronic tensor can be decomposed in terms
of the !Z interference structure functions F!Z

i as

MW"#
!Z ¼ "g"#F!Z

1 þ p"p#

p $ q F!Z
2 " i$"#%&

p%q&
2p $ qF

!Z
3 ;

(11)

where p is the four-momentum of the target hadron. Note
that the structure functions F!Z

1 and F!Z
2 contribute to the

vector hadron contribution, while the F!Z
3 structure func-

tion appears only in the axial-vector hadron correction.
Combining Eqs. (8) and (11), the imaginary part of the
hV

!Z correction becomes [10–12]

=mhV
!ZðEÞ¼

1

ðs"M2Þ2
Z s

W2
'

dW2
Z Q2

max

0
dQ2 (ðQ2Þ

1þQ2=M2
Z

'
!
F!Z
1 þ sðQ2

max "Q2Þ
Q2ðW2"M2þQ2ÞF

!Z
2

"
; (12)

where s ¼ M2 þ 2ME is the total center of mass energy
squared, W2

' ¼ ðMþm'Þ2 is the mass at the pion thresh-
old, and Q2

max ¼ 2MEð1"W2=sÞ. Following Ref. [19],
we include in Eq. (12) theQ2 dependence in (ðQ2Þ arising
from vacuum polarization contributions.

The most important inputs into Eq. (12) are the !Z
interference structure functions F!Z

i , which are functions
of two variables, usually taken to be Q2 and the Bjorken
scaling variable x ¼ Q2=2p $ q, or alternatively Q2 and
W2. Unfortunately, these functions are not well determined
experimentally. Although there are some data on F!Z

1 and

F!Z
2 at highW and Q2, in the low-W and Q2 region, which

is crucial to the dispersion integrals, there is little or no
information. Unlike the electromagnetic structure func-
tions, which can be fit to the ample data available, the
F!Z
i must be expressed through models. Given that it can

be difficult to resolve the accuracy of the models, the
controversy in the literature over the <ehV

!Z contribution

is not surprising.
For later reference, we note here that the F1 and F2

structure functions, for either !Z or electromagnetic
(!!) scattering, can be related to the transverse ()T)
and longitudinal ()L) electroweak boson production cross
sections as

F1ðW2; Q2Þ ¼
#
W2 "M2

8'2(

$
)TðW2; Q2Þ; (13a)

F2ðW2; Q2Þ ¼
#
W2 "M2

8'2(

$
#

Mð1þ #2=Q2Þ
' ½)TðW2; Q2Þ þ )LðW2; Q2Þ); (13b)

where # ¼ E" E0 is the energy transfer. For convenience
one often defines the longitudinal structure function as the
combination of F1 and F2 structure functions given by

FL ¼
#
1þQ2

#2

$
F2 " 2xF1; (14)

where the prefactor can also be written as
(1þ 4x2M2=Q2).

III. !Z INTERFERENCE STRUCTURE FUNCTIONS

Most of the uncertainty in the calculation of the h!Z

correction arises from the incomplete knowledge of the !Z
structure functions. There have been extractions ofF!Z

2 and

xF!Z
3 from neutral current DIS by the H1 Collaboration at

DESY [23] at very high Q2 (60<Q2 < 50; 000 GeV2)
and small x (0:0008< x < 0:65) using longitudinally po-
larized lepton beams at HERA. However, these data have
little overlap with the region of most relevance for the
dispersion integral, which receives contributions primarily
from high x and low Q2, where there are no direct mea-
surements. Consequently, one must appeal to models of the
interference structure functions to estimate h!Z.
In this section we review the models used in the litera-

ture for the !Z structure functions, before presenting our
constrained model, which we refer to as the Adelaide–
Jefferson Lab–Manitoba (AJM) model. The construction
of the models involves first choosing appropriate electro-
magnetic structure functions F!!

i , and then transforming
these to the !Z case. In describing the structure functions,
or equivalently the virtual boson-proton cross sections)T;L

in Eqs. (13), it is convenient to separate the full range of
kinematics into a resonance part and a smooth nonresonant
background,

)T;L ¼ )ðresÞ
T;L þ )ðbgdÞ

T;L : (15)

The )ðresÞ
T;L term includes a sum over the prominent

low-lying resonances, while )ðbgdÞ
T;L is determined phenom-

enologically by fitting the inclusive scattering data [24,25].
Although such a separation is inherently model dependent,
as only the total cross section is physical, it nevertheless
provides a useful way to parametrize the somewhat differ-
ent behaviors of the cross sections in the low- and high-W
regions.
For completeness, the following list summarizes the

models for the !Z structure functions that have been
discussed in the literature:
(i) color-dipole model [26,27], referred to as ‘‘Model I’’

in Gorchtein et al. (GHRM) [14];
(ii) vector meson dominance ðVMDÞ þ Regge model

[28,29], referred to as ‘‘Model II’’ by GHRM [14];
(iii) Sibirtsev et al. (SBMT) model [12], based on the

Regge parametrization of Capella et al. [30];
(iv) Carlson and Rislow (CR) model [13,31].

The models [12–14,31] differ primarily in the treatment of

the background contributions )ðbgdÞ
T;L for the !Z interfer-

ence, the uncertainty on which is the main source of
disagreement between the various estimates of h!Z. For

CONSTRAINED !Z INTERFERENCE CORRECTIONS . . . PHYSICAL REVIEW D 88, 013011 (2013)

013011-3

We begin our discussion by outlining in Sec. II the
dispersion relation formalism used to compute the !Z
corrections in terms of !Z interference structure functions.
The latter are the main input into the calculations and are
reviewed in detail in Sec. III. In particular, we discuss the
uncertainties in determining the !Z structure functions
from electromagnetic data for both the resonance and
nonresonant background contributions. Constraints from
parton distribution functions in the deep-inelastic scatter-
ing (DIS) region and new data from the parity-violating
electron-deuteron scattering experiment E08-011 at
Jefferson Lab [15] in the resonance region are used in
Sec. IV to limit the uncertainty range in models for the
!Z structure functions, and to provide more reliable bounds
on the box corrections. The resulting hV

!Z correction is

presented in Sec. V, where we contrast the revised uncer-
tainties with those estimated in previous unconstrained
analyses. Predictions are also made for parity-violating
deuteron asymmetries in the deep-inelastic region, as well
as for the recently completed inelastic measurement by the
Qweak Collaboration [16]. Finally, we draw some general
conclusions from this analysis in Sec. VI and explore
possibilities to further reduce the uncertainties on the !Z
corrections in the future.

II. DISPERSIVE ANALYSIS OF PARITY-
VIOLATING ELECTRON-HADRON SCATTERING

The !Z interference correctionh!Z can be decomposed
into two parts, arising from the electron vector with had-
ronic axial-vector coupling to the Z boson (hA

!Z) and from

the electron axial-vector with vector hadronic coupling to
the Z (hA

!Z):

h!ZðEÞ ¼ hA
!ZðEÞ þhV

!ZðEÞ: (5)

At very low energies, such as those relevant for atomic
parity violation experiments [17,18], the hA

!Z term domi-

nates, while the contribution from thehV
!Z is negligible. At

the energy of the Qweak experiment, however, both terms
provide significant contributions. The hA

!Z corrections

were first computed some time ago by Marciano and
Sirlin [7,8] and were updated recently within a dispersion
relation framework by Blunden et al. [19,20], with reduced
errors. The vector hadron correction,hV

!Z, which is subject

to significantly larger uncertainty, will be the focus of the
rest of this analysis. We will consider only the inelastic
contribution toh!Z; the elastic contribution has previously
been considered in Refs. [7,8,21,22] and is strongly sup-
pressed by an additional factor Qp

W .
For forward scattering, the dispersion relation for the

real part of hV
!Z is given by

<ehV
!ZðEÞ ¼

2E

"
P
Z 1

0
dE0 1

E02 % E2 =mhV
!ZðE0Þ; (6)

where P denotes the principal value integral, and we have
used the fact that hV

!Z is odd under the interchange E0 $
%E0. From the optical theorem, the imaginary part of the
PV !Z exchange amplitude can be written as [10–12]

2=mMðPVÞ
!Z ¼ %4

ffiffiffi
2

p
"MGF

Z d3k0

ð2"Þ32Ek0

"
4"#

Q2

#

& 1

1þQ2=M2
Z

L!Z
$%W

$%
!Z ; (7)

where Q2 ¼ %q2 represents the virtuality of the ex-
changed boson, and the integration variable k0 ¼ k% q.
The !Z lepton tensor is given by

L!Z
$% ¼ !uðk;&ÞðgeV!$ % geA!$!5Þ6k0!%uðk;&Þ; (8)

where the vector and axial-vector couplings of the electron
to the weak current are geV ¼ %ð1% 4sin 2'WÞ=2 and
geA ¼ %1=2, respectively, and & is the lepton helicity.
The hadronic tensor for a nucleon initial state is defined as

W$%ðp;qÞ¼ 1

2M

X

X

hNðpÞjJ$ð0ÞjXðpXÞi

& hXðpXÞjJ%ð0ÞjNðpÞið2"Þ3(ð4Þðqþp%pXÞ;
(9)

where J$! and J$Z are the electromagnetic and weak neutral
currents, respectively, and pX is the four-momentum of the
hadronic intermediate state X. Using isospin symmetry, the
matrix elements of the vector component of the Z current
for a proton target can be related to the proton and neutron
matrix elements of the electromagnetic current by

hXjJ$Z jpi ¼ ð1% 4sin 2'WÞhXjJ$! jpi% hXjJ$! jni; (10)

k k

p p

q

pp

q

k k

FIG. 1. Interference !Z box (left) and crossed box (right) diagrams. The wavy and dashed lines represent the exchanged ! and Z
bosons, with the electron, hadron and virtual photon momenta labeled by k, p, and q, respectively.

HALL et al. PHYSICAL REVIEW D 88, 013011 (2013)
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Optical theorem relates 
γZ box to integral over 
all phase space of the 
γZ structure functions 

Real part obtained using 
dispersion relations  
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Parametrizing γZ Structure Functions
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Relationship to Neutrino Experiments
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Neutrino Experiments rely heavily on 
Monte Carlo.
Need accurate predictions for the cross 
section integrated over the neutrino 
energy spectrum.
Cross sections and nuclear effects for 
neutrino interactions in the few GeV 
region are not well known.
Resonance production very important in 
for few GeV neutrinos

Techniques are similar to γZ structure function models:
use electromagnetic structure functions, form factors or helicity amplitudes
assume conserved vector current (CVC), chiral symmetry, partial conservation 
of the axial current (PCAC)

Minerba Betancourt/INT Workshop 09/29/15

Neutrino Cross Section up to DIS

8

• Measurements for neutrino charged current interaction, colors correspond the classification 
from the simulation

Minerba Betancourt/Moriond QCD 2014

• Understand the week interaction and the nucleus

• Important for neutrino oscillation experiments 

• Two types of neutrino oscillation measurements: Appearance and 

Disappearance 

• In both cases we count events induced by given type of neutrinos

• Main channel: Quasi-Elastic scattering

• Important background: Pion production

Neutrino QE Scattering and Pion Production 
Motivation

2

Minerba Betancourt

Neutrino Cross-SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

12

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
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•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 
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T2K 

LBNE !
CNGS 

atmospheric !

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)
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J. A. Formaggio, G. Zeller,  
Reviews of Modern Physics, 84 (2012)
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detectors for the left (right) HRS, and a logical ‘‘or’’ of all
group triggers was formed to give a global trigger. While
asymmetry results from the global trigger, shown in
Table I, provided higher statistical precision, asymmetries
extracted from group triggers allowed study of the detailed
W dependence of the asymmetry within each kinematic
setting, with little variation in Q2. Figure 1 shows the W

dependence of asymmetry results Aphys
PV , scaled by 1=Q2,

extracted from group triggers. The data between adjacent
bins within each kinematics typically have a (20–30)%
overlap in event samples and are thus correlated, while
the lowest and the highest bins of each kinematics have
larger overlaps with their adjacent bins.

One can see from Fig. 1 that the measured asymmetries
at all kinematics are consistent with the three resonance
models and again agree very well with the DIS estimation.
No significant resonance structure is observed in the W
dependence of the asymmetries.

In summary, we report here results on the parity-
violating asymmetries in the nucleon resonance region,
including the first PV asymmetry data beyond the
!ð1232Þ resonance. These results provide important con-
straints to nucleon resonance models relevant for calculat-
ing background corrections to elastic parity-violating
electron scattering measurements. The agreement with
DIS-based calculations indicates that quark-hadron duality
holds for PVES asymmetries on the deuteron at the
(10–15)% level throughout the resonance region, for Q2

values just below 1 ðGeV=cÞ2. These results are compa-
rable to the unpolarized electromagnetic structure function
data which verified duality at the (5–10)% level for the
proton and (15–20)% for the neutron at similar Q2 values,
although the unpolarized measurements provided better
resolution in W and covered a broader kinematic range
[5,6,10]. We have therefore provided the first experimental
support for the hypothesis that quark-hadron duality is a
universal property of nucleons in both their weak and their
electromagnetic interactions.
The authors would like to thank the personnel of

Jefferson Lab for their efforts which resulted in the suc-
cessful completion of the experiment, and T.-S. H. Lee,
T. Sato, M. Gorshteyn, N. Hall, W. Melnitchouk, and their
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FIG. 1 (color online). W dependence of the parity-violating
asymmetries in ~e# 2H scattering extracted from this experi-

ment. The physics asymmetry results Aphys
PV for the four kinemat-

ics I, II, III, and IV (solid circles, solid squares, solid triangles,
and open triangles, respectively), in ppm, are scaled by 1=Q2 and
compared with calculations from Ref. [34] (theory A, dashed
lines), Ref. [35] (theory B, dotted lines), Ref. [36] (theory C,
solid lines), and the DIS estimation (dash-double-dotted lines)
using Eq. (1) with the extrapolated CJ PDF [54]. The vertical
error bars for the data are statistical uncertainties, while the
horizontal error bars indicate the root-mean-square values of the
W coverage of each bin. The experimental systematic uncertain-
ties are shown as the shaded bands at the bottom. For each of the
four kinematics, calculations were performed at the fixed Eb and
Q2 values of Table I and with a variation in W to match the
coverage of the data. Theories B and C each have three curves
showing the central values and the upper and lower bounds of the
calculation. Uncertainties of the DIS calculation were below
1 ppm and are not visible.

TABLE I. Asymmetry results on parity-violating ~e# 2H scat-
tering in the nucleon resonance region. The kinematics shown
include the beam energy Eb, with which HRS was used (left or
right), the central angle and momentum settings of the HRS !0
and p0, and the actual kinematics averaged from the data hQ2i
and hWi. The beam-corrected asymmetries Abc

raw are shown along
with their statistical precision and systematic uncertainties due to
beam-related corrections. Final results on the physics asymme-

tries Aphys
PV are compared with calculations from three resonance

models [34–36] as well as DIS estimations using CJ [54] PDF
fits ADIS;CJ

calc .

Kinematics I II III IV

Eb (GeV) 4.867 4.867 4.867 6.067
HRS Left Left Right Left
!0 12.9$ 12.9$ 12.9$ 15.0$

p0 (GeV=c) 4.00 3.66 3.10 3.66
hQ2i [ðGeV=cÞ2] 0.950 0.831 0.757 1.472
hWi (GeV) 1.263 1.591 1.857 1.981

Measured asymmetries with beam-related corrections (ppm)
Abc
raw #55:11 #63:75 #54:38 #104:04

%!Abc
raw (stat) %6:77 %5:91 %4:47 %15:26

%!Abc
raw (syst) %0:10 %0:15 %0:24 %0:26

Physics asymmetry results (ppm)

Aphys
PV #68:97 #74:12 #61:80 #119:56

%!Aphys
PV ðstatÞ %8:47 %6:87 %5:08 %17:54

%!Aphys
PV ðsystÞ %3:30 %2:84 %2:11 %5:62

%!Aphys
PV ðtotalÞ %9:09 %7:43 %5:50 %18:42

Calculations (ppm)
Acalc [34] #89:10 & & & & & & & & &
Acalc #88:94 #70:29 #65:09 #124:74

%!Acalc [35]
þ9:98
#8:76

þ14:81
#11:09

þ11:85
#10:95

þ20:12
#19:49

Acalc #88:22 #69:63 #65:23 #124:75
%!Acalc [36]

þ8:10
#8:31

þ7:05
#7:19

þ5:19
#5:34

þ9:11
#9:49

ADIS;CJ
calc #75:63 #66:72 #61:59 #119:13

PRL 111, 082501 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

23 AUGUST 2013

082501-5

PVRES will provide higher precision, 
better resolution in W, lower Q2, 
both proton and isoscaler targets

PRL 111, 082501 (2013)

Duality holds to 15% at Q2=0.76 GeV2

Bloom-Gilman duality shown to hold 
in electromagnetic:
Unpolarized structure functions ~5%
Polarized structure functions

PRL 85, 1186 (2000)



Mark Dalton PAC - July 2016Parity Violation in the Resonance Region

Experiment Details
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HMS

SHMS
4.4 GeV beam at 80 uA

Use the HMS and SHMS 
spectrometers at 10.5 degrees
Solid angles: 

SHMS ~4 msr, HMS ~6 msr
Central momenta: 

2.4 GeV to 4.2 GeV

20 cm LH2 and LD2 targets
High rate requires custom DAQ

Use the existing Compton and 
Moller polarimeters
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Data Acquisition
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High count rates ~5 MHz with pion/electron separation
Integrate counts for every window and read out at 240 Hz
Parallel redundant DAQ systems: flash ADC pipeline;  NIM logic and scalers

event-by-event PID to separate pions and electrons online 
Cerenkov and calorimeter
Tracking of individual trajectories with drift chambers 
done only in special runs at low current18

FIG.9:TheSHMSdetectorstack.

providethetwohighestones.ThephasespaceforapairofsettingsfrompartI(KinIVaand
IVb)andpartII(KinVIIaandVIIb)ispresentedinFig.10.Withtherequestedbeamtime
thecrosssectionswillbemeasuredwithastatisticaluncertaintyrangingfrom±1%to±1.3%,
dependingonkinematicsandtheanalysisbin.Thesystematicuncertaintieswillbethedominating
factor,beingattheorderofº±3%.Theuncertaintyofthebeamenergyandofthescattering
anglewillintroduceasystematicuncertaintytothecrosssectionrangingfrom±1%to±2.5%
dependingonthekinematics.Othersourcesofsystematicuncertaintiesinvolvethetargetdensity,
detectore±ciency,acceptance,andtargetcellbackground;eachoneofthesecontributes±0.5%
totheuncertainty.Systematicuncertaintiesrelatedtothetargetlength,beamcharge,deadtime
corrections,andcontaminationofpionsunderthephotonpeakwillcontribute±0.3%each.The
uncertaintyduetotheradiativecorrectionswillbe±1.5%.Finally,foramoreconservativeapproach
tothesystematicuncertaintiesa±0.5%contributionhasbeenassignedtoothercorrections.For
theasymmetriesthesystematicuncertaintiesarestilllargercomparedtothestatisticalones,butnot
asdominantasinthecaseofthecrosssections,andareexpectedtobeattheorderofº1.1%(in
absoluteasymmetrymagnitude).TheextractionoftheGeneralizedpolarizabilitieswillbeperformed
inastraightforwardwaythroughafittothemeasuredcrosssectionsandasymmetries,aswasdone
inpreviousmeasurements[10,11].Themassscaleparameters§Æand§Øwillbefittedbya¬2

minimizationwhichcomparestheDRcrosssectionsandasymmetriestothemeasuredones,and
thetwoscalarGPswillbedetermined.Theprimarysourceofuncertaintyforboththeelectricand
themagneticGPwillbethesystematicuncertainties,withthestatisticaluncertaintiesbeing,for
bothGPs,º70%comparedtothesystematicones,forallthekinematicalsettings.Finally,there
isathirdsourceofuncertaintytothedeterminationoftheGPsthathasbeentakenintoaccount.
Thisinvolvestheknowledgeoftheprotonelasticandtransitionformfactors,whichareverywell
knowninthiskinematicrangebutnotwithaninfiniteprecision,aswellasthesetofmultipolesfor
pionelectroproductionutilizedintheDRcalculation.Variousparametrizationsfortheformfactors
aswellasdiÆerentmultipolesetshavebeenapplied,andtheireÆectstothedeterminationofthe

Relatively modest pion rejection 
PVDIS pi/e ~ 3.3
PVRES pi/e < 2.6 at highest W

Pion asymmetry smaller than electrons

PVDIS 
pion rejection: 
>70 calorimeter, >150 Cerenkov
pion contamination ~10-4

SHMS
Heavy gas 
Cerenkov

EM calorimeter
with preshower
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Parallel DAQ Systems
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Flash ADC pipeline DAQ 

F250 hardware standard in Hall C
Requires custom firmware. 
Successful in the GlueX experiment. 
Logic combinations can be much more 
sophisticated than practical with NIM
Fill firmware scalers and readout full 
events for a subset of events,
Full event waveforms in special runs - 
analyze pileup.

Scaler based DAQ 

Backup system for online debugging
“Narrow” and “wide” path electronics 
to measure deadtime effect

Successfully used in PVDIS at 600 kHz

Deadtime affects asymmetry (minimize and carefully measure)
Deadtime effect quantified through pulsing detectors, introducing known dead 
time, beam current scans, threshold scans
Exploit segmentation in detectors, lower effect rate
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Beam Time Request
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Projected Results
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Combined statistical uncertainty: 1.5% hydrogen, 1.9% deuterium

8 sigma check of 
possible Delta 
disagreement
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Transverse asymmetry background
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Sign and magnitude of asymmetry is unknown 
in resonance region – needs to be measured.

Some estimates exist for the 
Delta(1232) resonance at lower 
energy.  Asymmetry predicted to 
decrease with energy and angle.

20 deg, 424 MeV: Bn = ~290 ppm
20 deg, 570 MeV: Bn = ~130 ppm
20 deg, 855MeV: Bn = ~40 ppm
20 deg, 1160 MeV: Bn = ~20 ppm

Asymmetry expected to 
show resonance 
structure and kinematic 
dependence.  

Lab scattering angle  (deg)
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Transverse Asymmetry Leakage
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Up-Down asymmetry 

Horizontal polarization:  ± 4.0% (2.3 degrees)
acceptance around horizontal:  -10% to 10%
 
Acceptance might map to different kinematics, 
potential non-cancellation must be studied,
assume 50%.

50 ppm*4%*10%*50%=0.02 ppm

Left-Right asymmetry 

Vertical polarization:  
0.0% ± 2.0% (1.15 degrees)

SHMS and HMS will have opposite central 
angles and similar momenta.  Some 
degree of first order cancellation.

SHMS HMS SHMS HMS
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Polarimetry
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Compton 

Polarization measured with existing electron 
detector without modification.

Becomes easier at higher energies.

Setup and commissioning time dominated by 
beam tuning through the chicane.

Moller 

Achieving <1% with Moller alone 
requires significant beam time.

~8 measurements
~4 hours per measurement
~32 hours total

Desire <1% polarimetry to match ~1.5% statistical precision 
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Response to TAC Comments
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Helicity Correlated Differences
Spectrometer Backgrounds
Target Window Backgrounds
Target Density Fluctuations

Analysis shows little sensitivity.  
Details in Additional Material.

Data Acquisition 
Polarimetry

Already discussed
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Systematic Uncertainties

20
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Conclusion
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Important data for constraining γZ structure functions in the resonance region.

Will help in modeling neutrino interactions in the resonance region.

Relatively easy experiment: standard equipment, modest requirements for parity 
quality beam, DAQ represents the biggest challenge.

Can only be done at JLab

Can only be done using magnetic 
focusing spectrometers.
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Additional Material
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Response to TAC Comments
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1. Data Acquisition
2. Helicity Correlated Differences
3. Spectrometer Backgrounds
4. Target Window Backgrounds
5. Cooling Requirements
6. Target Density Fluctuations
7. Polarization Uncertainty
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Helicity Correlated Differences
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Sensitivity to helicity correlated differences will be small
large physical asymmetries 30-55 ppm
inelastic scattering more slowly varying with energy and angle

Will perform typical setup of “Parity Quality” beam to minimize differences.

Will not require/request Wien reversal.

Will perform dithering of the beam due to abundance of caution.
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Spectrometer Backgrounds
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Re-scattering within the 
spectrometer may cause background 
with unknown asymmetry in the 
acceptance.

No large asymmetry processes 
contribute.

Unlike HRS dipoles in Hall A  there 
are no magnetized iron “pole tips” to 
scatter off.

Bounded using a full simulation the 
spectrometer and tracking data from 
early 12 GeV experiments.  Specific 
beam based studies might be 
necessary.



Mark Dalton PAC - July 2016Parity Violation in the Resonance Region

Target Window Background
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Scattering from the Aluminum alloy windows causes a background.
Small correction with small additional uncertainty.

Rate 

Between 0.8 % and 5.2 % (depending 
on kinematics) of electron rate will 
come from 150 um target windows.

Asymmetry  

Expected to be within a few % of 
deuterium asymmetry and within 20% 
of the proton asymmetry

Largest correction < 1%

If the rate and asymmetry  are known to 20% each (possible from models and 
simulation alone) then the additional uncertainty is 3%.
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Target Target Cooling and Density Fluctuations

28

Density fluctuations a relatively small effect since statistical width is large.
New target design is expected to perform better than previous targets.  
Fluctuations can be mitigated by increasing flip rate, raster size, or pump speed.

Conservative Scaling :

Working small angle (luminosity) monitors would be useful for helping to 
understand target density effects early on in the experiment 
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Relationship to SOLID
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SoLID PVDIS Resonance Region Coverage

Baffles designed to block low 
momentum particles

23

Figure 20: Projection of the baffle lead “spokes” to block low momentum particles.

• A light gas Cherenkov detector for pion identification.

• An electromagnetic calorimeter in a shower-preshower configuration which also provides some pion
rejection capabilities and acts as the primary trigger and an additional point in tracking.

This configuration with baffles nominally has 2 rad azimuthal acceptance, polar angle acceptance of 22-
35�, and momentum acceptance of 1� 7 GeV. Azimuthally it is divided into 30 predominantly independent
sectors which can operate at a total of ⇠600 kHz in inclusive running. A representation of this setup from
our Geant4 simulation is shown in Fig. 16.

3.2.1 Baffles

The baffles provide a reduction in the large low-momentum flux and block line-of-sight photons from the
downstream detectors. They consist of 11 lead “wheels” which divide the acceptance into 30 sectors, Fig. 20.
The curvature of the arms are designed in such a way that particles within a specific momentum window
will pass in between the arms to the detectors.

The coverage of the baffles defines the azimuthal and momentum acceptance for the spectrometer. Nom-
inally, the first baffle reduces the flux by a factor of two and particles less than 1 GeV are blocked by suc-
cessive baffles, leading to an overall charged rate reduction of about an order of magnitude. The momentum
acceptance for the accepted particles follows from several geometric and design effects and is shown for the
48Ca configuration in Fig. 21.

3.2.2 GEMs

The GEM (gas electron multiplier) trackers originally developed at CERN provide high resolution tracking
in high rate environments. They have been demonstrated to work at rates up to 100 MHz/cm2 and provide
a hit resolution up to 70 µm with a 200 µm readout pitch. We employ five planes of GEM chambers, three
interleaved with the rear baffle planes and two after the light-gas Cherenkov detector, detailed in Table 3.
Each plane consists of 30 individual GEM modules and are aligned such that the gaps of the first three
chambers lie over a baffle spoke, Fig. 22. The pitch will be 0.4 mm for the first three GEMs and 0.6 mm in
the rear GEMs as the rates are lower.

Low Q2, resonance-region studies are not possible in SOLID

Minimum angle is 22 degrees.
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Q2 vs W
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AJM Model
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dispersion integral in Eq. (12), which will be contami-
nated by the background contribution. This model also
forms the basis for Model II of GHRM [14]. The match-
ing of the CB and VMDþ Regge parametrizations at the

boundary between the low-W and high-W regions is
illustrated in Fig. 3 for the F!!

2 structure function as a
function of W2, at several fixed values of Q2, from Q2 ¼
0:05 to 2 GeV2. The agreement between the two models
in the region of overlap is clearly excellent. For the
structure function in the VMDþ Regge model, we
have assumed a conservative 5% uncertainty, similar to
that for the CB parametrization.
In the DIS region at high W and high Q2 (green

shaded area in Fig. 2), the structure functions can be
computed in terms of global PDFs, for which we use the
next-to-next-to-leading order (NNLO) fit by Alekhin
et al. (ABM11) [40]. This fit includes both leading twist
and higher twist contributions, allowing for descriptions
of data for Q2 > 2:5 GeV2 and W > 1:8 GeV, which
overlaps partially with the CB [24] and VMDþ Regge
[29] parametrizations. (Other similar global fits, such as
those in Refs. [41–45], give very similar results, and
differences between the parametrization generally lie
within the PDF uncertainties.) The transition between
DIS kinematics (Region III) and the models describing
the lower-W and Q2 regions is illustrated in Fig. 4
for F!!

2 at Q2 ¼ 2:5 GeV2 (where the transitions
between all three parametrizations are shown at W2 ¼
9 GeV2) and at higher Q2 values, up to Q2 ¼ 10 GeV2,
for the transition between Regions I and III. Again, the
models generally match very well across these kinematic
boundaries.
The boundaries between the three regions can also be

displayed for fixedW2 as a function of Q2, as illustrated in
Fig. 5. The matching of Regions I and II forW2 ¼ 4 GeV2

1 4 9
0

2.5

10

W 2 GeV2

Q
2

G
eV

2 III

I II

FIG. 2 (color online). Kinematic regions contributing to the
hV

!Z integrals in the AJM model: Region I (blue shaded) at low

W and low Q2 is described by the CB F!!
1;2 fit [24], transformed to

the !Z case; Region II (red shaded) represents the high-W, low-Q2

domain as in Ref. [29] (or the GHRM Model II [14]), transformed
to !Z; and Region III (green shaded) at high W and high Q2 is
described by global PDF fits to high-energy scattering data [40].
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FIG. 3 (color online). Proton F!!
2 structure function versus W2 at fixed Q2 ¼ 0:05, 0.5, 1.5 and 2 GeV2 for the CB fit [24] at low W

(blue solid) and VMDþ Regge parametrization [29] at high W (red dashed). The boundary between these (corresponding to
Regions I and II in Fig. 2) is indicated by the vertical dashed line at W2 ¼ 9 GeV2.

CONSTRAINED !Z INTERFERENCE CORRECTIONS . . . PHYSICAL REVIEW D 88, 013011 (2013)

013011-7

Alwall & Ingelman,  
VMD & Regge parametrization Christy-Bosted parametrization
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FIG. 5 (color online). Proton F!!
2 structure function versus Q2 at fixedW2 ¼ 4, 6, 9 and 12 GeV2 for the CB fit [24] (blue solid), the

ABM11 PDF parametrization [40] (green dotted), and the VMDþ Regge model [29] (red dashed), with the boundaries between
Regions I, II and III indicated by the vertical lines at fixedQ2. Note that the small disagreement between the VMDþ Regge model and
the PDF parametrization forQ2 ¼ 2:5 GeV2 appears only at largerW2 values where the contribution to the dispersion integral is small.
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FIG. 4 (color online). Proton F!!
2 structure function versusW2 at fixedQ2 ¼ 2:5, 5, 8 and 10 GeV2 for the CB fit [24] at lowW (blue

solid) and the ABM11 PDF parametrization [40] at high W (green dotted), with the boundary between Regions I and III at W2 ¼
4 GeV2 indicated by the vertical line. For the Q2 ¼ 2:5 GeV2 panel, the matching with the VMDþ Regge model [29] (red dashed),
corresponding to the boundary between Regions I and II, is indicated by the vertical line at W2 ¼ 9 GeV2.

HALL et al. PHYSICAL REVIEW D 88, 013011 (2013)

013011-8

Alekhin, NNLO global PDFs
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γZ Structure Functions
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Fig. 13 of [14]). This uncertainty is then added in quadrature
with the continuum uncertainty, along with the resonance
contribution discussed in Sec. III, to obtain the total error on
the !Z structure functions used in estimating <ehV

!Z.

The impact of the total uncertainty reduction is illus-
trated in Figs. 10 and 11 for the parity-violating inelastic
asymmetry for the proton,
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FIG. 8 (color online). Proton F!Z
2 structure function versus W2 at various fixed Q2 values for the low-W CB fit [24] (blue solid) and

the high-W VMDþ Regge [29] (red dashed) and ABM11 [40] (green dotted) parametrizations. The boundaries between the Regions I,
II and III are indicated by the vertical lines at W2 ¼ 4 and 9 GeV2.

HALL et al. PHYSICAL REVIEW D 88, 013011 (2013)

013011-12
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Fig. 13 of [14]). This uncertainty is then added in quadrature
with the continuum uncertainty, along with the resonance
contribution discussed in Sec. III, to obtain the total error on
the !Z structure functions used in estimating <ehV

!Z.

The impact of the total uncertainty reduction is illus-
trated in Figs. 10 and 11 for the parity-violating inelastic
asymmetry for the proton,
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dispersion integral in Eq. (12), which will be contami-
nated by the background contribution. This model also
forms the basis for Model II of GHRM [14]. The match-
ing of the CB and VMDþ Regge parametrizations at the

boundary between the low-W and high-W regions is
illustrated in Fig. 3 for the F!!

2 structure function as a
function of W2, at several fixed values of Q2, from Q2 ¼
0:05 to 2 GeV2. The agreement between the two models
in the region of overlap is clearly excellent. For the
structure function in the VMDþ Regge model, we
have assumed a conservative 5% uncertainty, similar to
that for the CB parametrization.
In the DIS region at high W and high Q2 (green

shaded area in Fig. 2), the structure functions can be
computed in terms of global PDFs, for which we use the
next-to-next-to-leading order (NNLO) fit by Alekhin
et al. (ABM11) [40]. This fit includes both leading twist
and higher twist contributions, allowing for descriptions
of data for Q2 > 2:5 GeV2 and W > 1:8 GeV, which
overlaps partially with the CB [24] and VMDþ Regge
[29] parametrizations. (Other similar global fits, such as
those in Refs. [41–45], give very similar results, and
differences between the parametrization generally lie
within the PDF uncertainties.) The transition between
DIS kinematics (Region III) and the models describing
the lower-W and Q2 regions is illustrated in Fig. 4
for F!!

2 at Q2 ¼ 2:5 GeV2 (where the transitions
between all three parametrizations are shown at W2 ¼
9 GeV2) and at higher Q2 values, up to Q2 ¼ 10 GeV2,
for the transition between Regions I and III. Again, the
models generally match very well across these kinematic
boundaries.
The boundaries between the three regions can also be

displayed for fixedW2 as a function of Q2, as illustrated in
Fig. 5. The matching of Regions I and II forW2 ¼ 4 GeV2
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1;2 fit [24], transformed to

the !Z case; Region II (red shaded) represents the high-W, low-Q2

domain as in Ref. [29] (or the GHRM Model II [14]), transformed
to !Z; and Region III (green shaded) at high W and high Q2 is
described by global PDF fits to high-energy scattering data [40].
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dispersion integral in Eq. (12), which will be contami-
nated by the background contribution. This model also
forms the basis for Model II of GHRM [14]. The match-
ing of the CB and VMDþ Regge parametrizations at the

boundary between the low-W and high-W regions is
illustrated in Fig. 3 for the F!!

2 structure function as a
function of W2, at several fixed values of Q2, from Q2 ¼
0:05 to 2 GeV2. The agreement between the two models
in the region of overlap is clearly excellent. For the
structure function in the VMDþ Regge model, we
have assumed a conservative 5% uncertainty, similar to
that for the CB parametrization.
In the DIS region at high W and high Q2 (green

shaded area in Fig. 2), the structure functions can be
computed in terms of global PDFs, for which we use the
next-to-next-to-leading order (NNLO) fit by Alekhin
et al. (ABM11) [40]. This fit includes both leading twist
and higher twist contributions, allowing for descriptions
of data for Q2 > 2:5 GeV2 and W > 1:8 GeV, which
overlaps partially with the CB [24] and VMDþ Regge
[29] parametrizations. (Other similar global fits, such as
those in Refs. [41–45], give very similar results, and
differences between the parametrization generally lie
within the PDF uncertainties.) The transition between
DIS kinematics (Region III) and the models describing
the lower-W and Q2 regions is illustrated in Fig. 4
for F!!

2 at Q2 ¼ 2:5 GeV2 (where the transitions
between all three parametrizations are shown at W2 ¼
9 GeV2) and at higher Q2 values, up to Q2 ¼ 10 GeV2,
for the transition between Regions I and III. Again, the
models generally match very well across these kinematic
boundaries.
The boundaries between the three regions can also be

displayed for fixedW2 as a function of Q2, as illustrated in
Fig. 5. The matching of Regions I and II forW2 ¼ 4 GeV2
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domain as in Ref. [29] (or the GHRM Model II [14]), transformed
to !Z; and Region III (green shaded) at high W and high Q2 is
described by global PDF fits to high-energy scattering data [40].
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Fig. 13 of [14]). This uncertainty is then added in quadrature
with the continuum uncertainty, along with the resonance
contribution discussed in Sec. III, to obtain the total error on
the !Z structure functions used in estimating <ehV

!Z.

The impact of the total uncertainty reduction is illus-
trated in Figs. 10 and 11 for the parity-violating inelastic
asymmetry for the proton,
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uncertainty on the GHRM model asymmetry at W !
2 GeV is around four times larger than the corresponding
uncertainty on the constrained AJM model asymmetry. For
comparison, we also show in Fig. 11 the asymmetry com-
puted directly from PDFs [40] in the region W > 2 GeV
where a partonic description is expected to be valid.

The uncertainty in the PDF-based calculation is slightly
smaller than, but qualitatively similar to, that in the AJM
model, while the GHRMmodel uncertainty is significantly
overestimated in the region of overlap. We stress that
although the DIS region makes only a modest contribution
to <ehV

!Z, the requirement that the !Z cross sections

match across the DIS-resonance region boundary imposes
strong constraints on the !Z structure functions also at
lower W and Q2. In the following section we confront this
against new data on parity-violating electron-deuteron
scattering in the resonance region.

B. Deuteron asymmetry

The E08-011 experiment [15,54] at Jefferson Lab re-
cently measured the parity-violating asymmetry in inclu-
sive electron-deuteron scattering over a range ofW andQ2

in both the resonance and DIS regions. While the DIS
region data are currently still being analyzed [54], the
available resonance region data [15] can be used to provide
an independent test of the procedure for estimating the !Z
structure functions. This is particularly important for
<ehV

!Z, since the integrals in Eq. (12) are dominated by

Region I in Fig. 2.
The measured parity-violating asymmetry Ad

PV, scaled by
1=Q2, is shown in Fig. 12 at W ¼ 1:26, 1.59, 1.86 and
1.98 GeV, with Q2 values ranging from 0.76 to 1:47 GeV2.
(The 1=Q2 scaling factor enables the various points to be
shown on the same graph.) The deuteron asymmetries in the
AJM model are computed with the continuum parameters
constrained by the DIS region structure functions computed
from global PDFs [40], as for the proton asymmetry in the
previous section (see Fig. 11). The resulting fit gives for the
transverse continuum parameter "T

CðdÞ ¼ 0:79% 0:05, and
is in excellent agreement with the E08-011 data [15] for
all kinematics, except at the ! region point at Q2 ¼
0:95 GeV2, where it lies slightly below the data. Since
the calculation of the! resonance contribution toAd

PV relies
only on isospin symmetry and the conservation of the
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FIG. 12 (color online). Deuteron parity-violating asymmetry Ad
PV=Q

2 as a function of W for incident electron energy E ¼ 4:9 GeV
(left) and E ¼ 6:1 GeV (right). The data points from the Jefferson Lab E08-011 experiment [15] atW ¼ 1:26 (green square), 1.59 (red
circle), 1.86 (blue triangle) and 1.98 GeV (black diamond) correspond to average values of Q2 ¼ 0:95, 0.83, 0.76 and 1:47 GeV2,
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DIS region !Z structure functions [40], and are compared with those computed with errors on "T;L
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