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The first search for diffractively produced Z bosons in the muon decay channel is
presented, using a data set collected by the D@ detector at the Fermilab Tevatron
at /s = 1.96 TeV between April and September 2003, corresponding to an inte-
grated luminosity of approximately 110 pb—!. The first dN/d|t| distribution for
proton-antiproton elastic scattering at this c.o.m. energy is also presented, using
data collected by the D@ Forward Proton Detector between January and May
2002. The measured slope is reproduced by theoretical predictions.

1 Introduction

QCD models elastic and single diffractive scattering of hadrons as proceeding via
the exchange of a colour singlet object. In the case of elastic proton-antiproton
scattering, both protons® emerge intact and scattered at a small angle, with no
momentum loss and no other particles produced. In single diffraction, where one
proton remains intact with a small momentum loss and the other dissociates, there
may be an area devoid of activity (rapidity gap) in the region of the outgoing intact
proton. We present here the first ever search for diffractively produced Z bosons
in the muon decay channel and the first measurement of elastic scattering as a
function of four-momentum transfer squared at /s = 1.96 TeV.

2 Diffractive Z boson production

2.1 FEvent selection and data analysis

Z bosons produced via single diffraction are identified by demanding a rapidity
gap near the beampipe in either the outgoing proton or antiproton direction. The
data set was collected between April and September 2003 by the D@ detector at
the Fermilab Tevatron, corresponding to an integrated luminosity of approximately
110 pb~!. The D@ detector is described in detail elsewhere [1]. The Z boson is
selected via its decay into two oppositely charged muons each with pr > 15 GeV. At
least one muon must be isolated in the central tracking detector and the calorimeter:
Yipr of tracks within a cone of radius 0.5 around the muon is required to be less
than 3.5 GeV, and in the calorimeter (XFE7 in a cone of radius of 0.5 around the
muon) - (X Er in a cone of radius of 0.1 around the muon) is required to be less than

®Here the term ‘proton’ is used to refer to both protons and antiprotons.
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2.5 GeV, where the cone radius is defined in pseudorapidity n and azimuthal angle
¢ as AR = /An? + A¢?. Cosmic ray muon events are vetoed by requiring that
the distance of closest approach of muon tracks to the beam position is less than
0.02 c¢m for tracks with hits in both the Silicon Micro-vertex Tracker (SMT) and
Central Fiber Tracker (CFT), or less than 0.2 cm for tracks with hits only in the
CFT. In addition, the muon tracks are required to fulfil |A¢,,, + Af,,, — 2| > 0.05
radians, where 6 is polar angle.

The rapidity gap search makes use of two detectors, the Luminosity Monitor
(LM) and the end calorimeter. The LM comprises two scintillating detectors, one
on each side of the interaction region, which cover the pseudorapidity range 2.7 <
|| < 4.4. The total output charge is discriminated to give an on/off signal for each
detector. The end calorimeter is divided into three regions: (1) four electromagnetic
layers closest to the beam, (2) four fine hadronic layers and (3) one coarse hadronic
layer furthest from the beam. Each layer is divided into cells in the n — ¢ plane.
For this analysis, the energy is summed separately on each side (outgoing proton
and antiproton) in the range 2.6 < || < 5.3, using electromagnetic cells with
FEcenn > 100 MeV and fine hadronic cells with E.qp > 200 MeV.

The log of the energy sum on the outgoing antiproton side is plotted in Figure
1 for bunch crossings in which there are no visible interactions. These are selected
from a randomly triggered sample with the requirements that both LM detectors
are off and there is no vertex with greater than two associated tracks. These
events are used to approximate rapidity gap events, in which there is no activity
in the outgoing antiproton direction. The log of the energy sum on the outgoing
antiproton side is also shown for a sample of minimum bias events in the figure.
These are selected requiring hits in both detectors of the LM within a small time
window. A third (25 GeV jet) sample is selected by requiring a vertex with at least
three tracks, and at least one jet with ppr > 25 GeV that passes jet quality cuts.
Jet events in which the highest pr jet lies in the region |n| > 2.4 are excluded.
The minimum bias and jet samples are dominated by events in which both protons
dissociate.

Events with no interaction and events with antiproton dissociation are separated
by applying a cut at an energy sum of 10 GeV. This is also the case in the outgoing
proton direction. To select single diffractive candidates in the Z boson sample the
LM detector is required to be off and the energy sum less than 10 GeV on one side,
and the LM detector is required to be on and the energy sum greater than 10 GeV
on the other side.

2.2  Results

Figure 2 shows the di-muon invariant mass distribution for two samples. Fig. 2(a)
shows those events that fail the two rapidity gap cuts on both the outgoing proton
and antiproton sides. These are strong candidates for non-diffractive production of
Z bosons. A resonant peak is observed together with a small background contri-
bution, arising mainly from the (Z/4)* continuum. Fig. 2(b) shows those events
that pass both rapidity gap cuts on one side and fail both on the other. These are
candidates for single diffractively produced Z bosons, where one proton is intact
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Figure 1. Log of energy sum in the outgoing antiproton direction (—5.3 < n < —2.6), compar-
ing events with no visible interactions with events in which both protons dissociate. Areas are

normalised to unity. An energy sum cut is applied at 10 GeV for rapidity gap candidates.

and the other dissociates.
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Figure 2. The di-muon invariant mass distribution for Z boson candidates with (a) no rapidity
gap and (b) a single rapidity gap. A rapidity gap is defined as one LM detector off and energy

sum less than 10 GeV in the same region (see text for details).
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3 Elastic scattering

3.1 FEvent selection and data analysis

Elastic scattering can be reconstructed at D@ using the Forward Proton Detector
(FPD), a series of momentum spectrometers that make use of accelerator magnets
in conjunction with position detectors along the beam line [2]. In total the FPD
has nine spectrometers, each comprising two scintillating fibre tracking detectors
that can be moved to within a few millimetres of the beam. Reconstructed track
four vectors are used to calculate the kinematic variables of scattered protons: t,
the four-momentum transfer squared, and &, the fractional longitudinal momentum
loss. The data for this analysis were collected between January and May 2002.
Two spectrometers were used to trigger elastic events: one above the beam on the
outgoing antiproton side, and the other below the beam on the opposite outgoing
proton side. The latter is used here for track position measurement. The trigger
makes use of time-of-flight information, and vetoes events with hits in the LM or
hits in the Veto Counters (covering the pseudorapidity range 5.2 < |n| < 5.9). The
spectrometers are preceded by quadrupole (focusing) accelerator magnets, and can
reconstruct protons at any ¢ value and in the kinematic range 0.8 < [t| < 4.0 GeV?,
depending on detector position and accelerator conditions. The measurement pre-
sented here covers the range 0.92 < [t| < 1.34 GeVZ.

A custom-written Monte Carlo event generator is used to model the hits which
outgoing elastically scattered protons leave in the detectors after they have prop-
agated through the Tevatron magnetic field lattice [3]. The estimated detector
resolution is included, and the dN/d|t| distribution of elastic scattering events is
assumed to decrease exponentially with increasing |¢|. A similar event generator [4]
is used to model the detector geometric acceptance as a function of |t|. Elastically
scattered particles have near-zero measured momentum loss, and hit the first and
second detectors at almost equal positions in the x — y plane. Tracks outside this
region are expected to originate mostly from single diffractive events or halo (beam
loss) particles, and are excluded.

Halo and diffractive particles that contribute to the signal region of the detec-
tor are subtracted. For halo, the dN/d|t| distribution and fraction of events in
the signal region are modelled by the Fermilab Accelerator Division [5]. This is
normalised using the number of events excluded from the signal region, assuming
that all the excluded events with || < 0.03 are halo. For single diffractive events,
the dN/dJt| distribution is taken from excluded events with || > 0.03. The nor-
malisation assumes that the probability for a diffractive proton to hit the detector
is constant everywhere over the detector surface: this estimate is used to subtract
the contribution inside the signal region.

An unsmearing correction is also applied to the data sample to account for the
effect of detector resolution.

3.2 Results

Figure 3 shows the measured (and corrected) dN/d|t| distribution for elastic proton-
antiproton scattering. The D@ data are shown alongside do/d|t| measurements
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from other experiments at different centre of mass energies [6]. The normalisation
of the new data is arbitrary. The slope is compared with the theoretical prediction
of Block et al. [7]. The model is able to reproduce the data, which show a change
in slope between the high and low [t| regions.
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Figure 3. Distributions of do/d|t| for elastic scattering measured by various experiments [6]. The
slope of the new D@ data is compared with the theoretical model of Block et al. [7]. The
normalisation of the D@ points is arbitrary. The other data have been scaled for visual separation.
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Summary

A search for diffractively produced Z bosons in the muon channel has been pre-
sented. The sample is large enough to allow a study of the kinematic properties of
the Z bosons for the first time.

Proton-antiproton elastic scattering is measured for the first time at /s =
1.96 TeV, in the four-momentum transfer squared range 0.92 < [t| < 1.34 GeVZ.
The slope is reproduced by the predictions of Block et al..
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