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Measurement of the Cross Section for W Boson + Photon Production at /s = 1.96 TeV
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The cross section times branching ratio for events with both a W boson, which decays to an
electron (muon) and a neutrino, and a photon has been measured at center-of-mass energy /s = 1.96
TeV. Data comprising 162 (82) pb~! of pj collisions was obtained by the D@ Experiment in 2002
and 2003 in the electron (muon) decay channel. For a minimum photon transverse energy of 8
GeV and for a minimum lepton-photon separation AR > 0.7, 146 (77) events were observed. These
events include both those with a photon originating in the collision as well as those whose origin
is radiation from the final state lepton. The combined result, representing the weighted average
between the two channels, is o(pp =+ Wy + X — vy + X) = 19.3 +6.7(stat. + sys.) +1.3(lum.) pb,
consistent with the Standard Model prediction.
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FIG. 1: The three tree-level diagrams for W + 7 production at the Tevatron. The lower diagram shown the trilinear gauge
boson vertex.

I. INTRODUCTION

Interactions between gauge bosons, the W boson, Z boson and photon, are a consequence of the non-Abelian gauge
symmetry of the Standard Model (SM). The gauge boson self-interactions are described by the trilinear gauge boson
vertices and contribute to gauge boson pair production in pp collisions. The cross sections of these processes are
relatively small, of order 1 to 100 pb at Tevatron energies, within the SM. The inclusion of non-SM (anomalous)
couplings at the trilinear gauge boson vertices would enhance the production cross sections of gauge boson pairs,
especially at large values of the gauge boson transverse momentum pr, and at large values of the invariant mass of the
gauge boson pair system [1]. Observation of anomalous gauge boson pair production would indicate physics beyond
the SM.

A. W + v Production at the Tevatron

In proton-antiproton collisions the tree-level mechanisms for W+ production are u— and t—channel diagrams with
a pair of ¢¢ annihilations and the s—channel diagram, with the trilinear W W+~ vertex. These are shown in Fig. 1. An
interesting feature of the Standard Model (SM) is that interference of amplitudes in s—channel diboson production
with amplitudes in {— and u—channel production maintains unitarity in the W+ cross section. In W+ production
this destructive interference results in a depletion in the distribution of rapidity difference An between the photon
and the decay lepton around An =0 [2].

In events where the W boson has decayed leptonically, the signature is the high-E7 lepton, the missing transverse
energy (Kr) due to the undetected neutrino, and a photon. This signature is shared by events with a W boson where
the photon is the result of bremsstrahlung from the charged-lepton as shown in Fig. 2. In fact, the cross section for
photon bremsstrahlung diverges as the separation between the photon and lepton and the energy of the photon is
taken to zero. Therefore, we require a minimum photon Er and minimum separation ARy, defined as \/An? + A¢?,
between the photon and charged lepton.

In Run I, at pp center-of-mass energy 1800 GeV, we measured the cross section for E(y) > 10 GeV and ARy, > 0.7
as 11.371°T £ 1.5 pb. [3].

This analysis concentrates on the cross section for pp — Wy + X. It is a stepping-stone towards observation of
detailed features in W+ production and towards searches for new phenomena.



FIG. 2: The bremsstrahlung diagram for W + 4 production at the Tevatron. The photon has been radiated by the charged
lepton.

II. D@ DETECTOR AND PARTICLE IDENTIFICATION

A. DO Detector in “Run II”

The Run IT D@ detector [4, 5] is comprised of the following main elements. A central-tracking system, which consists
of a silicon microstrip tracker (SMT) and a scintillating-fiber tracker (CFT), both located within a 2 T superconducting
solenoidal magnet. Central and forward preshower detectors located just outside of the superconducting coil (in front
of the calorimetry) are constructed of three or four layers of extruded triangular scintillator strips. The next layer
of detection involves three liquid-argon/uranium calorimeters: a central section (CC) covering |n| < 1, and two end
calorimeters (EC) extending coverage to |n| < 4.0, all housed in separate cryostats [6]. In addition to the preshower
detectors, scintillators between the CC and EC cryostats provide sampling of developing showers at 0.8 < |n| < 1.4.
The muon system resides beyond the calorimetry, and consists of a layer of tracking detectors and scintillation counters
before 1.8 T toroids, followed by two more similar layers after the toroids. Tracking at || < 1 relies on 10 cm wide
drift tubes [6], while 1 cm mini-drift tubes are used at 1 < || < 2. Luminosity is measured using two sets of 24
scintillation counters, which are located between the CC and the two EC cryostats.

The trigger and data acquisition systems are designed to accommodate the large luminosity of Run II. Based on
preliminary information from tracking, calorimetry, and muon systems, the output of the first level of the trigger
reduces the beam crossing rate of 1.7 Mhz to ~ 1.8 kHz. At the next trigger stage, with more refined information,
the rate is reduced further to 800 Hz. The third and final level of the trigger, with access to all the event information
including precision readout, reduces the output rate to 50-60 Hz, which is written to tape.

B. Muon, Electron, and Photon Identification

Muons are identified by a high-pr track in the muon spectrometer that matches spatially with a central track of
pr > 20 GeV/c. The muon is isolated if the Er in a hollow cone of radius (0.4-0.1) in the calorimeter is less than
2.5 GeV. The muon trigger and identification efficiencies are determined by using events with at least one good muon
and two high pr tracks. These events are primarily Z boson decays. A typical single muon trigger has an efficiency
of 58 + 3%. The muon identification efficiency is 58 + 4%.

Electrons and photons are first identified as an electromagnetic (EM) cluster found in the central or end calorimeters
using a simple cone algorithm. The fraction of energy in the EM calorimeter within the cone is required to be greater
than 0.9. Shower shape and isolation requirements distinguish the EM objects from hadronic jets.

Electrons are EM objects that have a track that coincides spatially and has E/p consistent with that of an electron.



The efficiency for electron ID is measured using Z boson decays. Photons are distinguished from electrons by the
absence of a track in the inner trackers. The sum of pr of tracks within a cone of size AR < 0.4 is required to be
less than 3 GeV/c. The photon is required to be in the central calorimeter. Finally, the photons are required to have
Ep > 8 GeV. The efficiency of the photon ID criteria is measured using a simultaneous fit to two data samples, one
that contained W~ — uv~y candidates plus background events and a second that contained only background events.
That efficiency is 47 £+ 13% where the uncertainty is determined from the variation in the efficiency with changes in
the procedure to discrimate photons from background. This is the dominant uncertainty in the analysis.

ITII. DATA SAMPLES AND CANDIDATE EVENT SELECTION
A. Wy — ervy Candidate Selection

The candidate selection starts with a sample of 542873 events containing an EM object and Br. This data sample
is used for signal extraction and some background estimates. The candidate events are then required to satisfy at
least one of several triggers that select events with a high-Er EM object. The integrated luminosity yielded by those
triggers totals 162.3 £+ 10.5 pb~!

W~ candidates are chosen by requiring the event to contain an electron that falls within the fiducial region of
the calorimeter defined by |n| < 1.1 (CC) and 1.6 < |n| < 2.3 (EC) and has Er > 25 GeV, Er> 25 GeV, and a
photon with E7 > 8 GeV in the central calorimeter. The photons are required to be separated from the charged
lepton such that AR,, > 0.7. Finally, the transverse mass of the lepton and missing transverse energy, defined as

Mr = \/ 2E¥pt0"IZT(1 — cos A¢), where A¢ is the opening angle in the transverse plane between the charged lepton

and the Er, is required to be greater the 40 GeV/c?.
A total of 146 events passed these selection criteria. Of these, 109 (37) had the electron in the CC (EC).

B. W+ — pvy Candidate Selection

Events satisfying the evolving high-pr single-muon trigger are gathered using three different muon triggers yielding
a total luminosity of 82.0 + 5.3 pb~!. A subset of 15,276 events with objects satisfying loose muon and EM object
criteria are preselected for further analysis.

To select the Wy — upvy candidate events a number of criteria are applied that identify the W boson decay
signature. An isolated muon was found in the muon system. The muon is required to be matched to a track in the
inner tracker within the fiducial volume of full CFT coverage. The matched-track is required to have pr > 20 GeV/c.
The event is rejected if any additional muon is present. The Er in the event (compensated for the muon track) is
required to be greater than 20 GeV.

The events thus selected are also required to have a photon with E1 > 8 GeV in the central calorimeter. The muon
and the photon were required to be separated by AR > 0.7

A total of 77 events passed these selection criteria.

IV. GEOMETRIC AND KINEMATIC ACCEPTANCES

The geometric acceptance and the efficiency of the kinematic criteria are studied using an event generator [7, §]
referred-to as the “Baur Monte Carlo” and a parametrized simulation of the detector response (PMCS). This is a
leading-order QCD Monte Carlo where the W+ system is produced with no transverse momentum. To simulate the
effects of higher-order QCD diagrams, mainly initial state gluon radiation, the W+~ system was given a transverse
boost according to the distribution for W+ events generated in Pythia [9] using CTEQ5L [10] parton distribution
functions.

V. BACKGROUND ESTIMATES

The main backgrounds to W+ is W +jets, where a jet is misidentified as a photon. The smaller backgrounds include:
Z~y where the Er is due to an unreconstructed leptons or a mismeasured jet; W+ — 7vvy, where the 7 has decay
includes an electron or muon; and finally, any process which provides a lepton, an electron and missing E7, due to



Background |Electron Channel| Muon Channel
Expected (# events) (# events)
W +jet 80074 31. £ 10.
leX 3.7+£05 0.6+0.6
Z - 47420
Wy = vy 34+11 0.9+0.3

Total 87.1+£7.5 37. £10.

TABLE I: Backgrounds for the electron and muon channels.

inefficiencies in track reconstruction. These ‘1eX’ backgrounds are treated inclusively as a single background. The
backgrounds are summarized in Table V.

The W +jet background is estimated using the data samples. The probablility P for a jet to be misidentified as
a photon is measured using a large sample of events with multiple jets. It is found that P depends on the jet Er
and ranges from 0.0028 for jets with Er = 10 GeV to 0.0010 for jets with Er = 50 GeV. This probability is then
folded with the number of jets in W+jet events in the two decay channels. The uncertainty in this background is
driven by the uncertainty for a jet to be misreconstructed as a photon in the electron channel and by the difference in
the background between two slightly different procedures in the muon channel. For the electron channel the W+jets
background is 57.0 + 5.5 (CC) and 23 + 5 (EC) events. In the muon channel that background is 31 £ 10 events.

A variety of processes can cause the leX event topology (Drell-Yan, tf, Z— 77 etc.). To determine the leX
background, events are selected with the same criteria as W+ but requiring a track match to the “photon” object.
The number of events passing this criteria provides an estimate of the background, i.e. the isolation requirement
gives Nirackmatched = Niex X €1, where Nipgckmatched 18 the number of such events, er is the track finding efficiency
and N, is the number of 1eX background events we wish to determine. Solving for Nj.x the expected number of
background is

(]- - 6TT'Is:Iso)
€T

Neex = X Nirackmatched
where 1 — er,k1s0 iS the inefficiency of the track isolation criterion for electrons. The background in the electron
channel is Neex = 3.0 £ 0.5 (CC) and 0.70 = 0.20 (EC) events. In the muon channel N,ex is 0.6 = 0.6 events.

To determine the Zy and W+~ — Tv7vy backgrounds, events are generated using the Baur MC and then boosted using
the Pythia derived distributions, as is done for the signal event generation. These events are then processed with the
fast detector simulation (PMCS). The Zv and “r” backgrounds are calculated as a fraction of the signal. The Z~y
backgrounds are 4.7 &+ 2.0 events in the muon channel and insignificant in the electron channel. The “7” backgrounds
are 0.9 &+ 0.3 events in the muon channel and 3.4 & 1.1 events in the electron channel. Note that these backgrounds
have ID efficiency uncertainties that are completely correlated with those expected for the signal.

VI. RESULTS

The full equation for the cross section times branching ratio is shown in Equation 1.

(N — Npky)
WIS = ST x L 2

where € x A is the total efficiency and acceptance of the cuts made on the reconstruction, trigger and kinematics of
the charged lepton and photon, L is the integrated luminosity. The cross sections were calculated separately for the
electron and muon channels. Table IT summarizes the efficiencies, acceptances, and numbers of events used in the cross
section calculations. Note that the muon channel is actually calculated separately in three data periods because of the
evolution of the muon trigger and then combined. The results are o(Wvy — evy+X) = 17.8 4+ 3.65tat. =5.3sys. £ 1. 1jum.
pb and o(W~y — pvy + X) = 22.0 & 4.25¢a¢. £ 7.3sys. = L.41um. pb.

These were subsequently combined, taking the uncertainty in the photon efficiency and that in the luminosity as
completely correlated, and the rest as uncorrelated. The result is o(Wvy — fvy + X) = 19.3 £ 4.2(uncorrelated) +
5.2(correlated) + 1.2(lum.) pb. Combining the uncertainties gives o(pp - Wy + X — fvy + X) = 193 =
6.7(stat. + sys.) = 1.2(lum.) pb.

The Standard Model prediction for the cross section is 16.4 £+ 0.4 pb either decay channel. This comes from BAUR
MC calculation using CTEQ5L PDFs. A K-factor of 1.33 is used to correct the cross section for processes not included
in the leading order calculation. The uncertainty comes from the range of predictions using three different PDFs.



Electron Channel| Muon Channel
Candidates 146 events 77 events
Acceptance x Efficiency 0.0206 + 0.0056 [0.0226 + 0.0063
Expected Signal + Background 142 £ 17 67 +13
Luminosity 162.3 +10.5 (pb) 82.0 £ 5.3

TABLE II: The number of candidates, the acceptance times efficiency, expected signal plus background, and the luminosity for
the electron and muon channels.
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FIG. 3: The photon Er spectrum for the combined samples. The candidate events are solid circles with uncertainties. The
expected signal plus background is shown as unshaded histogram. The shaded histogram is the expected background only.

Figure 3 shows the combined photon Er spectrum for the candidate events, the background, and the expected
signal plus background. Figure 4 shows the separation AR between the charged-lepton and the photon. Figure 5
shows the transverse mass My of the charged-lepton and Ey. Figure 6 shows the 3-body transverse mass M jyster 0f
the charged-lepton, photon, and Er. This is defined as

M3 Br) = (M2, + Ipr (1) + o)} + )~ pr(3) +pr() + Bl 2)

In events where the photon originated from bremsstrahlung, the 3-body transverse mass tends to be less than My .
Whereas, in events that came from u—, t—, or s—channel production, the 3-body transverse mass tends to be greater
than MW

VII. SUMMARY

The cross section times branching ratio for events with both a W boson and a photon has been measured at center-
of-mass energy /s = 1.96 TeV. Data comprising 162 (82) pb~! of pp collisions was obtained by the D@ Experiment
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FIG. 4: The separation AR between the charged-lepton and the photon. The candidate events are solid circles with uncertain-
ties. The expected signal plus background is shown as unshaded histogram. The shaded histogram is the expected background
only.
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FIG. 5: The transverse mass Mr of the charged-lepton and Er. The candidate events are solid circles with uncertainties. The
expected signal plus background is shown as unshaded histogram. The shaded histogram is the expected background only.
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FIG. 6: The 3-body transverse mass Mt of the charged-lepton, photon, and Br. The candidate events are solid circles with
uncertainties. The expected signal plus background is shown as unshaded histogram. The shaded histogram is the expected
background only.

in 2002 and 2003 in the electron (muon) decay channel. For a minimum photon transverse energy of 8 GeV and for a
minimum lepton-photon separation AR > 0.7, 146 (77) events were observed. These events include both those with a
photon originating in the collision as well as those whose origin is radiation from the final state lepton. The combined
result is o(pp > Wy + X — fvy+ X) = 19.3 £+ 6.7(stat. + sys.) £ 1.2(lum.) pb, consistent with the Standard Model
prediction.
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