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Measurement of high-Q2 neutral current deep
inelastic e+p scattering cross-sections with a
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Cross-sections for neutral current deep inelastic scattering in e+p collisions with a longitudinally
polarised positron beam have been measured using the ZEUS detector at HERA. The single-
differential cross-sections dσ/dQ2, dσ/dx and dσ/dy and the double-differential cross-sections
in Q2 and x are measured in the kinematic region Q2 > 185GeV2 for both positively and negat-
ively polarised electron beams and for each polarisation state separately. The measurements are
based on an integrated luminosity of 136 pb−1 taken in 2006 and 2007 at a centre-of-mass energy
of 318 GeV. The structure functions xF3 and xFγZ

3 are determined by combining the e+p res-
ults presented in this analysis with previously measured e−p neutral current data. The measured
cross-sections are compared to the predictions.
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High Q2 NC DIS e+p scattering with a longitudinally polarised e+ beam Ian BROCK

1. Introduction

The measurement of structure functions at HERA was one of the central goals of building the
machine and the experiments. Structure functions provide a way of describing the internal structure
of a proton and can be measured over a very wide range of squared four-momentum transfer, Q2,
and Bjorken x at HERA. Such measurements are very interesting in their own right and also provide
essential input to many other experiments, in particular as an important ingredient to cross-section
calculations at hadron machines, such as the LHC.

Percent precision has been achieved over a wide kinematic range and, over the past several
years, a further significant improvement in precision has been achieved by combining the ZEUS
and H1 measurements [1]. The HERA II upgrade included the ability to provide longitudinally
polarised e− and e+ beams. Polarised beams allow electroweak effects to be observed and studied
in ep interactions.

The final ZEUS polarised e−p cross-sections have been published earlier [2]. This talk covers
the final ZEUS publication on e+p scattering cross-sections at high Q2 [3]. It is useful to express
the measured cross-sections in terms of the so-called reduced cross-sections defined as:

σ̃
e±p =

xQ4

2πα2
1

Y+

dσ

dxdQ2 = F̃2(x,Q2)∓ Y−
Y+

xF̃3(x,Q2)− y2

Y+
F̃L(x,Q2) (1.1)

where α is the fine-structure constant, Y±= 1±(1−y)2 and y is the inelasticity. F̃2(x,Q2), F̃3(x,Q2)

and F̃L(x,Q2) are generalised structure functions.
This talk concentrates on looking for electroweak effects in the scattering cross-sections. This

is done by either comparing the e−p and e+p cross-sections or making use of the longitudinal
polarisation. Electroweak effects are quantified in the structure function F̃3. It can be extracted for
example from the difference of the reduced cross-sections:

xF̃3 =
Y+
2Y−

(
σ̃

e−p− σ̃
e+p

)
, (1.2)

For the unpolarised case and given that the vector coupling to the electron to the Z is small, xF3 can
be interpreted as

xF̃3 '−aeχZ xFγZ
3 , (1.3)

where ae is the axial coupling of the electron to the Z boson, ae =−1/2, and χZ =
1

sin2 2θW

Q2

M2
Z+Q2 and

the superscript γZ denotes the term arising from the interference between photon and Z exchange.
MZ is the mass of Z boson and θW is the weak mixing angle. xFγZ

3 can in turn be expressed as the
difference between the quark and antiquark parton density functions (PDF):

xFγZ
3 = ∑

q
eqaq2x(q− q̄) (1.4)

Assuming that the sea quark distributions are symmetric we obtain

xFγZ
3 = 2x [euauuv + edaddv] =

x
3
(2uv +dv) , (1.5)

with au = 1/2 and ad =−1/2, uv and dv are the u- and d-quark valence PDFs, respectively, and eq

is the quark electric charge.
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2. Event selection and data samples

The e+p measurements are based on (135.5±2.5) pb−1 of data collected in 2006–2007, of
which (78.8±1.4) pb−1 were collected at a luminosity-weighted lepton-beam polarisation of Pe =

0.32±0.01 and 56.7 pb−1 at Pe =−0.36±0.01.
Monte Carlo signal samples were generated using HERACLES [4] and DJANGOH[5, 6] with

the CTEQ5D PDF set [7]. The hadronic final state was simulated using the colour dipole model of
ARIADNE 4.12 [8] and JETSET 7.4 [9–11] was used for the hadronisation.

Events are selected requiring a trigger on an electron or large transverse energy in the detector.
Offline, the scattered electron must have energy E ′e > 10GeV. The kinematic requirements are
Q2 > 185GeV2 and y < 0.9, where Q2 is determined using the scattering angles of the electron and
the hadronic system (double-angle method, denoted with subscript DA). The event is required to
have a well reconstructed vertex with the requirement |Z| < 30cm and a cut on the polar angle of
the hadronic system is made to minimise the effects of the hole for the beam-pipe in the calorimeter.
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Figure 1: Comparison of the e+p NC data sample with
predictions from the MC simulation. Distributions of (a)
Q2, (b) x, (c) y, (d) E −PZ , (e) θe (f) E ′e, (g) γh and (h)
PT,h are shown. The subscript e indicates the scattered
electron and h the hadronic system.

In order to reject background, further
cuts are applied: 38 < E −PZ < 65GeV,
PT/
√

ET < 4
√

GeV and PT/ET < 0.7,
where PT and ET are the net transverse
momentum and energy, and E and PZ are
the total energy and the sum of the Z com-
ponents, calculated from PZ = ∑i Ei cosθi,
where θ is the polar angle measured with
respect to the interaction vertex. The
sums run over all calorimeter energy de-
posits.

The data are compared to Monte
Carlo (MC) samples in Fig. 1. Very good
agreement is seen. Achieving the level
of agreement between data and MC sim-
ulation that can be seen in these figures
is a lot of work. Comparison with meas-
urements made using the HERA I dataset
show that HERA II has the advantage of
a larger dataset and a better and more ro-
bust determination of the primary vertex.
However, there is more material in the in-
ner detector that requires a more detailed
and accurate simulation of this material in
the Monte Carlo.

3. Results

Using the whole e+p dataset, the measured cross-section as a function of Q2 is shown in Fig. 2
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and compared to the Standard Model (SM) predictions with different PDFs. The kinematic range
is defined as Q2 > 185GeV2, y < 0.9 and y(1− x)2 > 0.004. The residual polarisation in the data
is 0.03 and this is corrected to Pe = 0 using theory. The measurements are compared to predictions
using several different PDFs. Note that the luminosity uncertainty (1.8–1.9 %) is not included in
the error band. The predictions with different PDFs all agree well with the data.
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Figure 2: The measured differential cross-section dσ/dQ2. The upper figure shows the cross-section com-
pared to the SM prediction using the HERAPDF 1.5 PDF [12]. The lower figure shows the ratio of the data
and different PDFs to the HERAPDF 1.5 prediction.
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Figure 3: The measured differential cross-
sections dσ/dy for two different Q2 cuts. The
data are compared to the SM prediction using
HERAPDF 1.5.

Figure 3 shows the cross-section as a func-
tion of y for two different Q2 cuts. In the
left-hand plot the cross-section in dominated by
photon exchange, while in the right-hand plot
electroweak effects play a role. The precision
of the measurements is clearly visible.

The cross-sections for negative and posit-
ively polarised positrons are compared in Fig. 4.
The measurements with both polarisations are in
good agreement with the predictions.

Figure 5 shows the ratio of the single differ-
ential cross-sections as a function of Q2. A clear
difference between the two polarisations is seen
at high Q2. The asymmetry A+ is defined as

A+ =
2

Pe,+−Pe,−

σ+(Pe,+)−σ+(Pe,−)

σ+(Pe,+)+σ+(Pe,−)

and shown in the lower figure, where σ+(Pe,+) and σ+(Pe,−) are the differential e+p cross-sections
evaluated at positive and negative polarisation values Pe,+ and Pe,−.
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Figure 4: dσ/dQ2 for positively (top) and neg-
atively (bottom) polarised positrons compared to
the SM prediction using HERAPDF 1.5. The
inserts show the ratio of the measured and pre-
dicted cross-sections to the SM prediction using
HERAPDF 1.5.
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Figure 5: The ratio of dσ/dQ2 for positive and
negative polarisation (top) and the polarisation
asymmetry A+ as a function of Q2.

For equal and opposite polarisations and keeping only leading terms, A+ can be written as

A+ ='−χZ aeFγZ
2 /Fγ

2 =−2χZ aevq/eq

To first order it is insensitive to the PDFs and gives direct evidence of parity violation with minimal
assumptions on the proton structure.

4. Summary

The neutral current cross-section measurements at high Q2 from ZEUS have now been com-
pleted and published. Comparing the cross-sections for positive and negative polarisation and also
for e−p with e+p clear evidence for electroweak effects and parity violation is seen. These meas-
urements provide a stringent test of electroweak effect in the Standard Model.
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