Probing proton structure in high-energy ep collisions'

Alex Tapper

Imperial College London

IC/HEP /03-01

The Blackett Laboratory, Prince Consort Road, London SW7 2BW, United Kingdom

Measurements of the cross sections for charged and neutral cur-
rent deep inelastic scattering at HERA are presented. The proton
structure functions F2, F, and xF3 are extracted from the mea-
sured neutral current cross sections and found to be in agreement
with the Standard Model expectations. The measured cross sec-
tions are used as input to next-to-leading order QCD analyses to
extract the parton distribution functions in the proton.

1. Introduction

Deep inelastic scattering (DIS) of leptons off nucle-
ons probes the structure of matter at small distance
scales. Two types of DIS interactions are possible at
HERA: neutral current (NC) reactions e"p — e~ X and
etp — et X, where a photon or Z° boson is exchanged
and charged current (CC) interactions e”p — vX and
etp — vX, where a W boson is exchanged.

The HERA accelerator collides electrons or positrons
with protons. In the years 1994 to 2000 the H1 and
ZEUS detectors collected positron-proton data samples
of approximately 100 pb~! each and electron-proton da-
ta samples of around 16 pb~! each. Until 1998 HERA
collided positrons or electrons of energy 27.6 GeV with
820 GeV protons, yielding collisions at a centre-of-mass
energy of ~ 300 GeV. For the 1998 running period the
proton beam energy was increased to 920 GeV, increas-
ing the centre-of-mass energy to ~ 320 GeV.

The kinematics of charged current and neutral cur-
rent deep inelastic scattering processes are defined by the
four-momenta of the incoming lepton (k), the incoming
proton (P), the outgoing lepton (k) and the hadronic fi-
nal state (P’). The four-momentum transfer between the
electron and the proton is given by ¢ = k— k' = P’ — P.
The square of the centre of mass energy is given by
s = (k + P)%. The description of DIS is usually giv-
en in terms of three Lorentz invariant quantities, which
may be defined in terms of the four-momenta &, P and

q:

e Q> = —¢°, the negative square of the four-
momentum transfer,
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o = %, the Bjorken scaling variable,
° Yy = ,‘ii—?, the fraction of the energy transferred to

the proton in its rest frame.

These variables are related by Q2 = zys, when the mass-
es of the incoming particles can be neglected.
Measurements of the neutral and charged current
deep inelastic scattering cross sections as functions of
x and Q2 and the proton structure functions extracted
from these measurements are presented. Next-to-leading
order QCD analyses of the measured cross sections with-
in the framework of the Standard Model yield the parton
distribution functions (PDFs) of the proton.

2. Experimental setup

The ZEUS and H1 detectors are described in detail else-
where [1, 2]. The measurements presented make use pri-
marily of the calorimeters, tracking detectors and lu-
minosity measurement detectors. Selection of neutral
current DIS events is based on the identification of a
scattered electron or positron. The primary signature of
charged current DIS events is missing transverse momen-
tum from the final-state neutrino, which escapes unde-
tected.

3. Cross sections

The double-differential Born-level cross section for the
neutral current deep inelastic scattering processes e " p —
e~ X and eTp — eT X, with longitudinally unpolarised
beams, is given by:
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where Yo = 14 (1 — )2, and « is the QED coupling
constant. The neutral current structure functions in the
quark parton model are given by:
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where the sums run over all quarks, ¢, in the proton. In
the quark parton model Fp, is zero. At next-to-leading
order in QCD however quarks interact through gluons,
which can split to quark-antiquark pairs or gluon pairs.
In this way the struck quarks can have transverse mo-
mentum leading to a non-zero contribtuion from FJ.
Thus, F, is a direct probe of the gluon density in the pro-
ton. The structure function xF3 has contributions from
the interference between the photon and Z° exchange
amplitudes, and pure Z° exchange. The functions V, and
Ay contain the couplings of the electron to the photon
and Z°. The NC reduced cross section, xc, is defined
to be:
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The double-differential Born-level cross section for the
longitudinally unpolarised charged current deep inelas-
tic scattering processes e"p — vX and etp — X are
given by:
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where for example the PDF d is the density of down
quarks in the proton at a given z and Q2. My is the
mass of the W boson and G is the Fermi constant. The
CC reduced cross section, 6¢ ¢, is given by:

2
. 21 [ Q% + MI%V dQUgOCm
ce=gz\ Tz, drdQ?

4. Extraction of the proton structure functions

The NC cross section is dominated by the structure func-
tion F5 over most of the kinematic range. Thus, F5™, the
purely electromagnetic part of F,, may be extracted in
the kinematic region where contributions from from F7y,
and zFj are small from the measured cross section by
calculating correction factors for the effects of Z° ex-
change in Fy and zF3 and the longitudinal structure
function Fj and applying these to the measured cross
section.

In order to extract the longitudinal structure func-
tion, F, the shape of the cross section as a function of
y is used. The H1 and ZEUS collaborations have devel-
oped different techniques for the extraction of Fy. The
latest method used by the H1 collaboration [3] makes

use of a fit to the reduced cross section of the form:

A 92

1+ (1—y)?
where ¢, A and F, are free parameters and the first term
describes Fy. The fit is performed as a function of x at
fixed vales of Q2. The ZEUS collaboration make use of
NC DIS events in which a hard initial state photon is
detected at a small angle in the calorimeter of the lu-
minosity monitor [4]. This effectively lowers the centre-
of-mass energy of the collision which means that for a
given = and @Q? there is a range of y values accessible.
Exploiting the shape of the cross section as a function
of y it is possible to extract F, by fitting the following
form to the ratio of data events to simulated events:

OFIT =C- T Iy,

Noata v Bo— (1—¢e)Fg
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where N and Fj, are free parameters, ¢ = % and

F5 is measured in the same kinematic region using the
procedure described above.

It can be seen from Eqn. (1) that the structure func-
tion xF3 can be extracted by subtracting the reduced
cross section for positron-proton scattering from that for
electron-proton scattering.

5. QCD analysis

The measured cross sections have been used by both the
H1 and ZEUS collaborations as input to QCD analyses
in order to extract information on the parton density
functions. The DGLAP evolution equations are used to
predict the Q? dependence of the PDFs, but experimen-
tal data must be used to constrain the = dependence of
the input distributions at some starting scale, Q. Two
complementary fits from H1 and ZEUS are presented.



The ZEUS-S fit [5] includes data from fixed-target exper-
iments in order to constrain the fit in kinematic regions
where the ZEUS NC data [6] are not sensitive. The start-
ing scale Q%=7 GeV? is chosen and the Thorne-Roberts
variable flavour number scheme [7] is used to treat the
heavy quarks. In contrast the H1 PDF 2000 fit [8] us-
es only data from the H1 collaboration to constrain the
PDFs. NC and CC DIS measurements at high Q? are
used to constrain the valence quark distributions result-
ing in uncertainies within a factor of two compared to
the fixed-target constraints used in the ZEUS fit. The
starting scale Q=4 GeV? is chosen and a zero mass vari-
able flavour number scheme is used for the treatment of
the heavy quarks. In the absence of deuteron data from
HERA the sea-quark and antiquark distributions are as-
sumed to be equal. Both fits include careful treatment
of the point-to-point correlated uncertainties in the data
sets.

6. Results and interpretation

The electromagnetic part of the struture function Fj is
shown in Fig. 1. Measurements from the H1 [8, 9, 10, 11]
and ZEUS [6] collaborations are shown along with re-
sults from fixed-target experiments. It can be seen that
the measurements span values of Q2 from 1 GeV? up
to 30000 GeV?, and values of z from 0.00006 to 0.65.
The precision of the measurements is limited to 2-3%
by systematic uncertainties below Q2 values of approx-
imately 1000 GeV? and by statistical uncertainies at
higher values of Q2. The Standard Model (SM) evaluat-
ed with PDFs from the H1 and ZEUS fits [8, 5] gives an
excellent description of the data over the entire range of
the measurements.

A summary of all H1 data on Ff, is shown in Fig. 2.
The data points range from Q2 of 0.75 GeV? to 700
GeV? for fixed W (photon-proton centre-of-mass ener-
gy) of 276 GeV. The data consist of the preliminary
results described above and results based on earlier da-
ta, analysed with a slightly different procedure [8]. The
SM predictions from the H1, ZEUS, MRST(2001) [12]
and Alekhin [13] QCD fits are shown. All fits describe
the data well at higher Q2. The data do not favour the
small values of F predicted by the MRST(2001) and
ZEUS fits at low Q2.
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Fig. 1: F§™ measured by the H1 and ZEUS collaborations.

F. extraction from H1 data (for fixed W=276 GeV)
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Fig. 2: Ff, values from the H1 collaboration.

Figure 3 shows the value of F determined by the
ZEUS collaboration. It is compared to the predictions
for F5 and Fy, from the ZEUS NLO QCD fit. The mea-
surement is clearly consistent with the expectations of
perturbative QCD. A more precise direct measurement
of F, could be made by varying the proton beam energy.
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Fig. 3: F, from the ZEUS collaboration.

Figure 4 shows the reduced NC cross sections for
eTp and e p scattering, measured by the H1 collabo-
ration [8, 14].
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Fig. 4: The reduced cross section for NC DIS from the H1 collab-

oration.

The cross sections are plotted at fixed values of = as

4

functions of Q?, and are well described by the Standard
Model evaluated with the H1 2000 PDF fit. At the higher
end of the Q2 range it can be seen that the cross section
for e~ p scattering is higher than that for e*p. The Stan-
dard Model predicts a higher cross section for e™p in-
teractions, due to constructive interference between the
photon and Z° exchange amplitudes, compared to etp
interactions where destructive interference is expected.

The NC cross sections for e™p and etp scattering
can be subtracted to extract the structure function = F3.
Figure 5 shows the structure function xF3 extracted by
the ZEUS [15] and H1[8] collaborations. Both are shown
at fixed values of Q2 as functions of x, and are found
to be well described by the Standard Model prediction
evaluated using the CTEQ6D [16] PDFs. The data con-
firm the valence structure of the proton at high Q2.
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Fig. 5: The xF3 structure function from the H1 and ZEUS collab-

orations.

Figure 6 shows the reduced cross section for charged
current et p interactions at fixed values of Q2 as a func-
tion of x measured by the H1 collaboration [8]. It can
be seen from Eqn. (3) that etp CC DIS at high = and
high Q? probes the d-quark density. This is of particular
interest since the d-quark density at high « is poorly con-
strained by fixed-target experimental data with signifi-
cant uncertinaties from nuclear corrections which are not
necessary at HERA. It can be seen that the data are well
described by the Standard Model. The contribution from
d-type quarks calculated using the H1 QCD fit is also



shown. At low Q? and low z it can be seen that the mea-
surements are sensitive to the sea quark distributions.
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Fig. 6: The reduced cross section for CC DIS from the H1 collab-

oration.
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Fig. 7: Parton distribution functions extracted from the ZEUS
NLO QCD fit.

Figure 7 shows the gluon, sea and valence parton dis-
tribution functions extracted from the ZEUS NLO QCD
fit at Q% = 100 GeV? as a function of z. Also shown

are the corresponding PDFs from the CTEQ6 [16] and
MRST(2001) [12] fits. Differences between the predic-
tions in the valence quark and gluon distributions re-
flect differences in the parameterisations used, data sets
included and other assumptions made in the analyses,
however generally the fits give a consistent picture of
the proton PDFs.

7. Summary and future prospects

Cross sections for neutral and charged current deep in-
elastic scattering interactions have been presented by the
H1 and ZEUS collaborations. In all cases the Standard
Model gives a good description of the data. The proton
structure functions have been extracted from the mea-
sured cross sections. Measurements of F5 by the ZEUS
and H1 collaborations over a large range in x and Q? are
in excellent agreement with each other and the Standard
Model. Values of the longitudinal structure function Fp,
are starting to give direct information on the gluon den-
sity in the proton and measurements of xF3 confirm the
valence structure of the proton at high Q2.

The goal of the HERA upgrade is to provide inte-
grated luminosities of 1 fb~! to the H1 and ZEUS ex-
periments. The precision of NC and CC DIS cross sec-
tion measurements at high Q? will benefit from the in-
crease in luminosity that the HERA upgrade will pro-
vide. In particular determination of the u and d quark
densities at high Q2 and at high z will be possible with
much improved accuracy. The introduction of longitu-
dinally polarised lepton beams for the H1 and ZEUS
experiments will allow the investigation of the chiral na-
ture of the Standard Model in ep scattering. Searches for
right-handed charged currents and the determination of
the vector and axial-vector couplings of the Z° to the
u and d quarks will be among the measurements possi-
ble at high Q2 with high luminosity and longitudinally
polarised lepton beams.
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