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Abstract

A study of theoretical calculations of Wγ and Zγ production from pp̄ collisions are
presented. For Wγ production, Standard Model predictions from four matrix element calcu-
lations: WGAMMA , WGRAD , PYTHIA and COMPHEP , are compared at the parton level. The full
Monte Carlo event generation including initial state radiation and hadronization is simulated
using the WGAMMA and ZGAMMA matrix element calculations followed by PYTHIA shower genera-
tion. These studies are used to determine the uncertainty in the Standard Model predictions
for Wγ and Zγ production including an estimate of higher order QCD corrections.

1 Introduction

The interest in Wγ and Zγ production in pp̄ collisions arises from the sensitivity to the triple
gauge-boson vertex. The value of this coupling is predicted from the electroweak SU(2)L ×
U(1)Y symmetry and measurements provide fundamental tests of the non-Abelian nature of the
Standard Model. Within the Standard model the photon couples at the WWγ vertex while the
triple gauge-boson vertex for ZZγ coupling is predicted to be zero. If the W and Z bosons were
to have internal structure, deviations from these Standard Model predictions would be observed.
Limits on any non Standard Model contributions to Wγ and Zγ production are usually placed
in terms of so-called anomolous couplings ∆κ and λ which are zero in the Standard Model.

Both W and Z boson production can occur with direct photons from the bremstralung of
the initial state quarks and the boson’s leptonic decay products. A full calculation of the pp̄
production of W and Z bosons with direct photons must include these radiated photons in
addition to the those directly coupled to the W or Z boson vertex.

Measurements of the triple gauge-boson couplings have been made at LEP in e+e− collisions
and at the Tevatron in Run I. We will extend these studies using the data from Run II. For
these analyses, we need reliable Monte Carlo generators for the Standard Model predictions and
the ability to introduce the effects of anomalous couplings. In this note we review recent matrix
element calculations and evaluate their uncertainties. We investigate four matrix element Monte
Carlo generators: WGAMMA , WGRAD , PYTHIA and COMPHEP . They are described in section 2. In
section 3 we present a comparison of those programs at the parton level. We also establish the
choice of electroweak parameters used to generate large parton level event samples.

For the generation of complete events, our choice of matrix element generator, WGAMMA , is
coupled to PYTHIA for gluon radiation, hadronization and underlying event simulation. Finally
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the events are passed through CDFSIM and processed through reconstruction version 4.9.1. Us-
ing these fully simulated events, a determination is made of the required parton-level generation
cuts to guarantee full acceptance of the events used in our data analyses. This is discussed in
section XXX.

In addition to the above leading-order matrix element predictions, we study NLO calculation
to estimate the cross section k-factor and other changes in production dynamics. These studies
are presented in Section 6. In Section 8, we summarize our recommendations for the generation
of Wγ+X and Zγ+X events from pp̄ collisions at a center of mass energy of 1.96 TeV.

2 Description of the programs

The electroweak tree-level Feynman diagrams for Wγ production in pp̄ collisions are shown in
Figure 1. The diagram in Figure 1 c) describes photon emision from the W boson triple gauge-
boson coupling, while the other diagrams show photon radiation from quarks and leptons. In
order to preserve gauge invariance, all four of the diagrams must be included in the production
calculation. Figure 2 shows the corresponding tree-level diagrams for Zγ production.

We compare four Monte Carlo generators, WGAMMA (ZGAMMA ), WGRAD (ZGRAD ), PYTHIA and
COMPHEP , which generate Wγ (Zγ) production including radiative W and Z boson final states.
We first briefly review the technical implementations of these programs for the parton-level
matrix element calculations. They treat the W and Z bosons with Briet-Wigner line shapes.
The Z production includes the Drell-Yan continuum, Z/DY γ, which for brevity we refer to as
Zγ in this note.
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Figure 1: Tree level diagram for Wγ production. Diagrams (A)-(B) represent initial-state
radiation from the incoming quarks. Diagram (C) represents direct W + γ production and
contains the vector voson self-interaction. Diagram (D) represents fianl state radiation or inner
bremsstrahlung from the lepton and is known as radiative W decays.
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Figure 2: Tree level diagram for Zγ production. Diagrams (A)-(B) represent initial-state
radiation from the incoming quarks. Diagram (C) represents fianl state radiation or inner
bremsstrahlung from either final state lepton and is known as radiative Z decays.

2.1 WGAMMA

WGAMMA is a Monte Carlo matrix element generator provided by U. Baur and E.L. Berger [5]. The
calculation is done at tree-level using electroweak helicity amplitudes for Wγ production and
radiative W boson decays, including all interference terms. An analogous program, ZGAMMA ,
is available for the generation of Zγ production with radiative Z boson decays. The event
generation uses the Monte Carlo integration program VEGAS [6]. During 10 passes through the
available phase space, the integration grid is allowed to map the peaks in the cross section. Areas
with higher cross section are given a higher density of grid points. The grid is then frozen for
additional passes, and during event generation further calls are made to the integration routine
with the frozen grid. During the event generation, all events are recorded and the maximum
weight for the sample of events is determined. Finally, a subset of events with unit weights are
selected by comparing individual event weights to the maximum weight. An event is stored if
its weight, w, satisfies :

w/wmax > R[0; 1] (1)

where R[0;1] donates a random number uniformly distributed between 0 and 1.
The WGAMMA and ZGAMMA calculations impose a minimum lepton-photon angular separation

based upon the paramater,
∆Rlγ = [(∆φlγ)2 + (∆ηlγ)2]1/2

in order to surpress collinear photon emission. Infrared divergences are avoided by applying a
minimum to the generated photon transverse momentum.

The WGAMMA and ZGAMMA event generation includes no QCD corrections to W and Z produc-
tion. Therefore the matrix element generators have been interfaced to PYTHIA (version 6.203) to
provide initial state gluon showers and hadronization, and a simulation of the underlying event.
The WGAMMA (ZGAMMA) program includes mechanisms for introducing the anomalous coupling
terms, ∆κγ and λγ (hi

j0,i=[γ,Z],j=[1..4]).
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2.2 WGRAD

The WGRAD program is a full NLO electroweak calculation of inclusive W boson production
qq̄′ → W± → l±ν, including the real photon contribution qq̄ ′ → l±νγ [7]. In the latter case,
both initial state radiation (ISR) from the incoming quarks, final state radiation (FSR) from
the charged lepton, and interference terms are included. WGRAD includes no QCD corrections
to W production and decay. Also, anomalous coupling terms can not be introduced into the
WGRAD calculation. This program was written by U. Baur. Details are discussed in [8]. ZGRAD is
an analogous NLO electroweak program for inclusive Z boson production

The WGRAD calculation includes the real photon emision diagrams of WGAMMA , but is accurate
down to low photon momenta. The program includes a photon collinearity cut, controlled by
the parameter δc, which is made on the angle between the charged fermion and the emitted
photon in the parton-parton center of mass frame,

cos θ∗ = 1 − δc, (2)

No additional cut on the separation (∆Rlγ) is needed. A post production cut on the separa-
tion can be made, allowing comparisons in a limited region of phase space of the WGRAD and
WGAMMA predictions. The WGRAD source code including the option of a PYTHIA interference, are
currently reposited in the package wgrad i.

2.3 Pythia

The PYTHIA (msub=20) Monte Carlo generator program for Wγ production includes matrix
elements with the tree level u,t and s-channel diagrams and their inteference (Figure 1 A, B and
C) , but does not properly include the inner bremsstrahlung diagram (Figure 1 D). Final state
radiation off the W or Z boson decay particles can be introduced, but the correct interference
terms are not included. PYTHIA does not have a provision for introducing anomalous W and
Z boson coupling terms. The version PYTHIA 6.203 is currently part of the standard cdfsoft2
package generatorMods.

2.4 COMPHEP

COMPHEP is a package for calculations of particle collision and decay in the lowest order of
perturbation theory [4]. We use version 41.10 of the COMPHEP program. The package
consists of two parts: symbolic and numerical. The symbolic part of COMPHEP calculates the
squared matrix element terms from the Feynman diagrams input. The input diagrams are not
limited to those in the Standard Model, but can include anomolous couplings. The C code
produced from the symbolic calculation is then used in the numerical part to produce physical
results. Once the symbolic results are interfaced into the numerical part, the matrix elements
are convoluted with structure functions and beam spectra. Finally, the phase space integration
is done using Vegas routines. COMPHEP then produces unweighted parton-level events that can
be input into a shower Monte Carlo for complete event simulation.

Since COMPHEP starts its calculation with a symbolic step, the exact diagrams to be included in
the calculation of Wγ must be specified. So for the comparison between COMPHEP and WGAMMA ,
the exact same diagrams were used in both generators (see Figure 1). None of the higher
order terms were input into the COMPHEP calculation, and there is no ISR or FSR gluon in the
sample studied. COMPHEP does have the capability of varying the anomalous couplings. But the
mechanism for including these additional terms requires the input of a new LaGrangian, and
this option was not explored in these studies.
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Some basic features of the four Monte Carlo programs are summarized in Table 1.

Table 1: Electroweak calculations of W γ production and the ability to change the anomalous
couplings.

Feynman Diagrams anomalous coupling EWK Order

WGAMMA Fig. 1(A),(B),(C),(D) yes tree-level EWK W γ
WGRAD Fig. 1(A),(B),(C),(D) no full NLO EWK W inclusive
PYTHIA Fig. 1(A),(B),(C) no partial tree-level EWK W γ
COMPHEP Fig. 1(A),(B),(C),(D) yes tree-level EWK W γ

3 Comparisons at the parton level

In this section we present parton-level comparisons of the four Monte Carlo programs described
in Section 2. We have tried to use exactly the same values for all the input parameters for these
comparisons in order to check the consistency of the calculations.

The standard model parameters used for all these comparisons are given in Table 2. The
parameter sin2 θW is calculated from

sin2 θW = 1 − M2
W

M2
Z

. (3)

We use CTEQ5L for the parton distribution functions with the factorization scale chosen to
be the parton-parton center of mass energy. For WGAMMA and COMPHEP we set all anomalous
couplings to their Standard Model value of zero.

Table 2: The standard model parameters used in the comparison of the Monte Carlo generators.
For the electroweak parameters, inputs are shown in bold fonts, while the other EW parameters
are derived.

Beam type pp̄√
s [TeV] 1.96

PDF CTEQ5L
Q2

f parton collision ŝ

αs(MZ) 0.127

M(W) [GeV] 80.41
M(Z) [GeV] 91.188
GF [GeV−2] 1.6639 × 10−5

sin2 θW 0.22242
αem 1/132.43

ΓW[GeV] 2.103
ΓZ [GeV] 2.514

M(top) [GeV] 175

The generator level selection cuts applied to the event generation are summarised in Table 3.
These cuts are looser than those used in the analysis of data (see CDF note 6366) so that all
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relevant areas of phase space are explored when comparing different generators. The cuts on
photon ET and ∆Rlγ are needed to avoid the divergence of the cross section due to the collinear
and infrared singularities.

Table 3: Cuts for the generator level

WGAMMA WGRAD PYTHIA COMPHEP

Pseudorapidity cut for lepton |η| < 10. < 10. < 10. < 10.0
Charged lepton PT no cut no cut no cut 1.0

neutrino pT no cut no cut no cut no cut
γ(ET ) [GeV] > 5. > 5. > 5. > 5.

Pseudorapidity cut for the photon |η| < 10. < 10. < 10. < 10.0
∆R(lepton, γ) > 0.1 ∗ > 0.1 > 0.1

Cluster transverse mass no cut no cut no cut no cut
Transverse mass(l,ν,γ) no cut no cut no cut no cut

3.1 PYTHIA versus WGAMMA

In order to compare PYTHIA and WGAMMA at the parton level, ISR and FSR gluon radiation are
turned off in the PYTHIA generation. PYTHIA does not properly include the inner Bremsstrahlung
of the W decay process as discussed in Section 2. So this was not included in the PYTHIA gen-
eration.

For this study, the µν decay of the W boson was generated. Figure 3 shows the 3-body invari-
ant mass (µ, ν, γ) versus the 2-body invariant mass (µ, ν) for PYTHIA (left) and WGAMMA (right). In
radiative W decays the µ± ν pair and the photon form a system with invariant mass, M(µνγ),
close to MW . For Wγ production, on the other hand, M(µνγ) is always larger than MW if
finite-W -width effects are ignored. This difference suggests that µ±γET/ events originating from
radiative W decays can be separated by a M(µνγ) cut from Wγ events which result in the
same final state. Since the Wγ process in PYTHIA does not include final state radiation, there is
obviously no significant entries around 80 GeV/c2 for 3-body invariant mass.

Since PYTHIA does not properly include W boson final state radiation, the predicted cross
section and kinematic distributions will not be correct. Since we need a complete Wγ generator,
we will not use PYTHIA matrix elements for our predictions.

3.2 Comparison of WGRAD with WGAMMA

Since WGRAD is an inclusive W production generator, not every event contains a photon. In order
to compare WGRAD and WGAMMA , we select events which have at least 3 particles in the final state:
a lepton, a neutrino and a photon, for WGRAD Monte Carlo, i.e. at least one real photon emission
is required. Since we are selecting events from the inclusive WGRAD sample, the distributions are
normalized to the same area because an absolute normalization is impossible. This study will
allow us to determine if the WGAMMA tree-level EWK calculation is sufficient for the photon ET

range above our experimental cut of 7 GeV.
Figure 4 shows the PT spectra for the muon and the neutrino from the W decay. Figure 5

shows the η distributions for the lepton and the photon. Both the photon and the lepton are
predominantly produced centrally but it is also seen that there is a significant portion for ηγ > 1
such that it is important to include photons in the Plug calorimeter. Figure 6 shows the ∆R
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Figure 3: 3-body invariant mass (µ, ν, γ) v.s. 2-body invariant mass (µ, ν) plots for PYTHIA (left)
and WGAMMA (right). As PYTHIA doesn’t include final state radiation, there is no significant entries
around 80 GeV/c2 for 3-body mass.

distribution and the invariant mass of the lepton and the neutrino. The ∆R distribution is
peaked at low values due to the dominance of the Bremsstrahlung diagram. This is also seen in
the invariant mass distribution in which the tail below 80 GeV arises from the Bremsstrahlung
diagram while the peak arises from the other three processes. We find good agreement for all
these distributions between WGRAD and WGAMMA . In the histograms all plots have been normalised
to equal area.

The matching distribution gives us confidence that the higher order electromagnetic correc-
tions in WGRAD do not significantly change production in the regions of interest to our measure-
ments, specifically low photon ET and high ∆R. Having verified that WGAMMA is accurate for our
purposes, and since WGRAD does not include the option of introducing anomalous couplings, we
choose WGAMMA as our default generator.
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Figure 4: PT spectrum of the muon (left) and neutrino (right) from WGRAD (crosses) and
WGAMMA (histogram) Monte Carlo
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Figure 5: η of photon from WGRAD (dot) and WGAMMA (line) Monte Carlo.
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Figure 6: ∆R(lepton, γ) from WGRAD (dot) and WGAMMA (line) Monte Carlo. Left is linear and
right is log scale.

3.3 Comparison of COMPHEP and WGAMMA

As another check, we compare the predictions of the COMPHEP and WGAMMA event generators.
COMPHEP contains all the terms for Wγ production in the Standard Model, and so a direct
comparison between COMPHEP and WGAMMA can be performed. The parameters in Table 2 were
input into COMPHEP and 10000 unweighted events generated. These events were then analysed and
compared with the events generated by WGAMMA . The plots in Figure 7-9 show the resuls of this
comparison. There is generally good agreement between the WGAMMA and COMPHEP predictions.
One problem we found with COMPHEP is that the version we used, generated events below the
minimum photon ET cut. This bug was reported to the COMPHEP authors, and has been fixed in
future versions.
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Figure 7: Photon ET spectrum and η distribution from CompHEP and WGAMMA.
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Figure 8: Electron PT spectrum and η distribution from CompHEP and WGAMMA.
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3.4 Additional Cross Section Comparisons

While the good agreement between normalized distributions is good, an additional check was
done for the cross section calculation of each generator. For this comparison, an additional
package MCFM was used even though no event distributions from MCFM were considered. The
MCFM package of programs includes both LO (tree-level electroweak) and NLO (including first
order αs corrections) for pp̄ → W +γ production. Considering only LO terms, the predictions
should be the same as WGAMMA . Using the parameters in Table 2 and cuts in Table 3, the cross
section predictions for W +γ production are shown in Table 4. There is good agreement between
the three generators, 2.6%. The small difference between WGAMMA and MCFM is attributed to
a difference in input PDF (CTEQ5L vs CTEQ6M), while no source for the variation between
COMPHEP and WGAMMA has been identified.

Table 4: Cross sections for pp̄ → W +γ x BR(W + → µ+ν) from different generators. The
generator level cuts are Eγ

T > 5 GeV and ∆R(lepton, γ) > 0.1 .

generator cross section [pb]

WGAMMA 19.2
COMPHEP 18.7
MCFM 19.0

3.5 Selection of Parton-Level Generator

We conclude that the WGAMMA and ZGAMMA event generators are the best options for Standard
Model predictions of Wγ and Zγ production. The parton level predictions for Wγ production
have been cross checked with WGRAD and COMPHEP . In addition, WGAMMA and ZGAMMA allow the
introduction of the anomalous couplings of photons to the W and Z bosons. For complete event
generation the parton level predictions are introduced into PYTHIA 6.203 for gluon radiation,
underlying event and hadronization.

While gathering information about these generators, we discussed the best choice of elec-
troweak input parameters with U.Baur [11] . These are summarised in Table 5. These parameters
have been used to generate large samples of Wγ and Zγ events for the e, µ, and τ decays of the
W and Z bosons as described below. It should be noted that the value of sin2 θW was fixed for
both Wγ and Zγ generation. While the mass of the W (Z) was set to the PDG value for Wγ
(Zγ) generation, and the mass of the Z (W) calculated from sin2 θW . This is why two values are
listed for the mass of each vector boson.

4 Large Monte Carlo sample generation

Having chosen a generator to use, unweighted W + γ events were generated with WGAMMA using
the set of cuts listed in Table 6. The cuts for the Z + γ events are listed in Table 7. These
cuts were chosen to avoid the colinear divergences at low Eγ

t and low ∆R. Concurrently, due
to the large amount of CPU time necessary to simulate an event, the cuts must be far enough
away from the analysis cuts to avoid efficiency turn ons and promotion from ISR. Since neither
WGAMMA nor ZGAMMA contain any ISR in the calculation, a shower program must be used to
simulate this effect. They were therefore interfaced with Pythia 6.203, and the Rick Field Tune
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Table 5: The standard model parameters suggested by U. Baur and used for large scale
WGAMMA and ZGAMMA MC production.

Beam type pp̄√
s [TeV] 1.96

PDF CTEQ5L
Q2

f parton collision ŝ

αs(MZ) 0.127

M(W) [GeV] 80.41, 79.97
M(Z) [GeV] 91.695, 91.1884
GF [GeV−2] 1.6639 × 10−5

sin2 θW 0.231
αem 1/127.51

ΓW[GeV] 2.103
ΓZ [GeV] 2.514

M(top) [GeV] 175

A was applied. Also, since the decay of tau leptons is not done within WGAMMA , an interface to
the cdfsoft2 package TAUOLA was written. The subsequent decay of the W τ was done using this
package. The τ background is negligible for Zγ production. With these cuts and parameters,
the large statistic samples listed in Table 8 were generated and run through detector simulation.
For the purposes of determining the Standard Model prediction several cross sections must be
calculated. These cross sections were measured using high statistics runs with WGAMMA and
ZGAMMA . We show the cross section for the large MC samples generated, the kinematic region
measured in the V + γ analysis, and for the cuts measured in the Run I exotics analysis. There
are no cuts on ηγ , ηlep, or P lep

t . All cross sections reported are for both charges and include a
k-factor of 1.34 as determined from Uli Baur’s NLO WGAMMA program. The cross sections are
listed in Table 9.

Table 6: Parton level cuts used for final Wγ samples.

|ηγ | < 10.0
|ηe| < 10.0
Eγ

t > 5.0GeV
El

tep > 0.0GeV
Eν

t > 0.0GeV
∆R(lep, γ) > 0.2

min. mass gen. > 1.0GeV/c2

5 Signatures for anomalous WWγ couplings

The WGAMMA MC generator allows us to study the impact of non-zero values for λ and ∆κ on indi-
vidual distributions. The sensitivity is expected to be largest when the dominant Bremsstrahlung-
diagram is suppressed. When this diagram is sufficiently suppressed, we get optimal sensitivity
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Table 7: Parton level cuts used for final Zγ samples.

|ηγ | < 10.0
|ηe| < 10.0
Eγ

t > 5.0GeV
El

tep > 0.0GeV
∆R(lep, γ) > 0.2

min. lep-lep mass > 20.0Gev/c2

min. lep-lep-pho mass > 20.0Gev/c2

Table 8: Large datasets generated with WGAMMA and submitted to tape.

Dataset dataset id prod id Num Evts Lum(fb−1)

W−γ → e−νγ ktop0e ktop1e 106753 2.45
W+γ → e+νγ ktop0f ktop1f 105619 2.43
W−γ → µ−νγ ktop0m ktop1m 105953 2.43
W+γ → µ+νγ ktop0n ktop1n 106846 2.45
W−γ → τ−νγ ktop2t ktop3t 100098 2.60
W+γ → τ+νγ ktop2t ktop3t 96558 2.57

Zγ → eeγ ktop2a ktop4a 210208 17.8
Zγ → µµγ ktop2b ktop4b 210208 17.8

Table 9: Cross sections for final Wγ and Zγ processes.

Process Eγ
t ∆R(l, γ) σ(pb)

Wγ → eνγ 5.0 0.2 43.4
Wγ → eνγ 7.0 0.7 18.7
Wγ → eνγ 25.0 0.7 3.0

Wγ → µνγ 5.0 0.2 43.1
Wγ → µνγ 7.0 0.7 18.6
Wγ → µνγ 25.0 0.7 3.0

Wγ → τνγ 5.0 0.2 37.9

Zγ → eeγ 5.0 0.2 11.5
Zγ → eeγ 7.0 0.7 5.3
Zγ → eeγ 25.0 0.7 0.89

Zγ → µµγ 5.0 0.2 11.5
Zγ → µµγ 7.0 0.7 5.3
Zγ → µµγ 25.0 0.7 0.89
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to the triple gauge-boson diagram.
As we discussed in section 3.1, the three body invariant mass M(lνγ) cut is effective in

distinguishing radiative W decays and initial state radiation from the more interesting Wγ
production. However, because of the invisiblity of the neutrino, M(eνγ) can not be determined
unambigously and the minimum invariant mass or the cluster transverse mass [9] MCT is more
useful:

M2
T (eγ;ET/ ) = [(M 2

eγ + |pTγ + pTe|2)1/2 + ET/ ]2 − |pTγ + pTe + ET/ |2, (4)

where Meγ denotes the invariant mass of the eγ pair. The cluster transverse mass can be
constructed for the Wγ system by regarding Pz(ν) as a free parameter and adjusting it to be
minimal.

We compare the MCT distribution for different choices of λ and ∆κ and find that there is
a detectable difference in the distribution. Additional sensitivity is seen in the ∆R distribution
at large ∆R and the Eγ

t distribution at high Eγ
t . While the ∆R and MCT does have sensitivity,

the greatest sensitivity comes from the Eγ
t distributions. Studies on the methodology and reach

of anomalous limits are ongoing. This should be documented shortly in a note from Beate
Heinemann and David Waters.

Using WGAMMA and ZGAMMA , samples with non-zero anomalous couplings were generated and
processed through CDFSIM and CDF offline reconstruction version 4.9.1. This is the same
prescription that was used for the SM sample previously discussed in Table 8. Slightly different
generator level cuts were used since the phase space to be studied is well defined. The full
list of parameters is listed in Table 10 and Table 11 with the changes listed in bold. The
anomalous samples for WGAMMA were generated at 25 grid points with the values of ∆κ and λ
set to [−2,−1, 0, 1, 2]. The anomalous samples for ZGAMMA were generated at values of hγ

30 =
[-8,-4,0,4,8] and hγ

40 = [-1.0,-0.5,0,0.5,1.0].

Table 10: Parton level cuts used for WGAMMA samples with varied anomalous couplings.

|ηγ | < 10.0
|ηe| < 10.0
Eγ

t > 5.0GeV
El

tep > 15.0GeV
Eν

t > 15.0GeV
∆R(lep, γ) > 0.4

min. mass gen. > 1.0GeV/c2

Table 11: Parton level cuts used for ZGAMMA samples with varied anomalous couplings.

|ηγ | < 10.0
|ηe| < 10.0
Eγ

t > 5.0GeV
El

tep > 15.0GeV
∆R(lep, γ) > 0.4

min. lep-lep mass > 20.0Gev/c2

min. lep-lep-pho mass > 20.0Gev/c2
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6 Next to Leading Order Corrections

Since the WGAMMA event generator is a Leading Order (LO) program a Next to Leading Order
(NLO) correction factor must be applied to the generated events. In order to determine a
correction factor, we use Uli Baur’s NLO program[16] to calculate a k-factor correction to Wγ
production at the Tevatron. To be exact, Baur’s program is a Next to Leading Log (NLL)
calculation taking into account only first order terms from QCD emission and not the second
order electroweak terms. Since for large ∆R the QCD correction dominates in proton anti-proton
processes, this is the only correction that we apply to the LO program results. By taking the
ratio of the NLL cross section to the LO cross section, a k-factor correction of 1.34 is measured.
The k-factor was simplistically applied to the LO results by multiplying the LO cross section
and using this corrected cross section to predict the SM signal. The k-factor was determined
from the average of 10 large statistics runs. The maximal variation between the runs is quoted
as the error, ¡ 1%. Additionally, similar QCD corrections are calculated for inclusive W → lν
production and the ratio of NNLO to NLO correction gives a correction of 3%. Since both final
states (Wγ and inclusive W ) are colorless, the QCD corrections should be comparable and so
the NNLO correction is used as the error on the NLO k-factor. Combining the two errors, the
total error on the k-factor is 3%.

Because the QCD correction involves the emission of an additional jet or gluon, the dynamics
of the event are different in the NLO and LO calculations and the acceptance may vary. In order
to study the effect, the acceptance for the analysis cuts at generator level was study for the NLO
and LO calculations. Since the NLO program cannot not be unweighted using the traditional
hit or miss method, the acceptance was measured as the ratio of the cross sections between the
default cuts described in Table 6 and the central analysis cuts, for details see CDF Note 6601.
The acceptance was then compared between the NLO and LO calculations. The acceptance for
each was calculated using several runs with varying random seed, and then averaged together.
The acceptance for the NLO program was 2.3% higher, and we then used this number as the
error on the acceptance from the NLO correction. We chose to use this as the acceptance error
instead of applying a correction because some ISR is applied during the Pythia fragmentation
as discussed in Section 4.

7 LO Generator Systematics

The leading sources of systematic error in the event generation are PDF choice, online unweight-
ing, factorization scale, k-factor and generation cut acceptance. The variations can appear as
an error in the cross section or in the acceptance calculation. The systematics from the NLO
k-factor were described in Section 6. Each of the other systematics were studied and the contri-
bution of each is discussed below. The largest contribution comes from the choice of PDF and
so it is discussed first.

The WGAMMA and ZGAMMA generators are LO and therefore we are limited to LO parton dis-
tribution functions (PDF). The possible PDF functions commonly used at CFD and considered
here were MRST 72− 76 and CTEQ5L. We choose the CTEQ5L PDF as the default at the rec-
ommendation of Uli Baur. In order to determine the systematic from this choice we calculated
the LO cross section for the 5 MRST sets and the CTEQ5L. The MRST sets all returned a LO
cross section clustered near 15.4 pb for the cuts listed in Table 6. The CTEQ5L LO cross section
was 16.2 pb. The difference between the two was taken as the systematic error, 5%.

The factorization scale is the minimum q2 value calculated for photon emission with the
WGAMMA and ZGAMMA programs. This setting is important as it also defines the maximum q2
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value for the post-generation Pythia fragmentation. By default, the factorization scale is set
to the collision ŝ and this value was used for large sample generation. The cross section was
also calculated with four other values, 2 ŝ,1.5 ŝ,2/3 ŝ,and 1/2 ŝ. The variation in the five cross
sections is taken as the systematic error from the factorization scale and is 2%. Additionally,
the acceptance at generator level was measured for the different scales, but no variation was
found. Therefore the systematic on the acceptance from the factorization scale is set to zero.

Finally, the effect of generation cuts on the acceptance was measured. In order to avoid
the colinear and infrared divergences, a cut on ∆R and the minimum photon ET is applied
during event generation. Since the Pythia factorization is applied after event generation and
unweighting, some events generated below the analysis cuts can be promoted above minimum
photon ET . This effect was studied and is shown in Figure 7. The measured percentage of events
promoted is less than 1%, and so the acceptance error from the generator cuts and unweighting
is set to 1%.
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Figure 10: Reconstructed photon ET for events generated at > 5 GeV and between 3 and 5
GeV . The number of events generated in the lower energy regime and promoted above the 7
GeV cut is less than 1% of the total number of events generated.

The total systematic error on the MC generation is shown in Table 12. The error on the
cross section for Wγ and Zγ is 7%. The error on the Wγ and Zγ acceptance is 3%. These are
the systematics used in the calculation of the cross section, and are not a comprehensive list of
systematic errors for anomalous coupling limits or searches for gauge zeros. These systematic
errors will be covered in subsequent notes discussing those analyses.

8 Conclusion

We have compared several different Monte Carlo generators for the lep + γ + ν final state.
In order to study the properties of the WWγ and the ZZγ vertex in the leptonic channel, it
is necessary for the generator to have a fully gauge invariant calculation. In comparing the
different generators, we found that for all generators containing the complete set of diagrams
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Table 12: Systematic errors on the Wγ and Zγ MC generation.

δσ δA

Factorization Scale 2% 0
Unweight 0 1%

PDF 5% 0
K-Factor 3% 2.3%

Total 7% 3%

similar results were produced. Since comparison between measured and predicted kinematic
distributions will allow for a fit to anomalous couplings, variation of ∆κ, Λ and hγ

j0 was a
necessity. While all of the programs considered produced results that were comparable, only
the Baur WGAMMA and ZGAMMA programs had all of the capabilities along with a robustness due
to their maturity. These generators was then used to generate samples that will serve as the
standard Electroweak Wγ and Zγ sample for Run 2a. Therefore we have chosen the WGAMMA and
ZGAMMA programs for generation of our standard model electroweak predictions for Wγ and Zγ
production (see reference [15] for additional studies of the theoretical predictions). A k-factor
of 1.34 ± 0.04 is included for higher order QCD corrections. Comparisions of these predictions
to data can be found in CDF note 6601.
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