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We present results of cross section measurements for Z/γ ∗ production, where the Z/γ ∗ boson decays leptonically, associated with light-flavor jets and with a bottom-flavor jet. The measurements
use the full CDF Run II data sample. The results are compared with state-of-the-art calculations.
The comparisons show generally good agreement between data and theory.
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1. Introduction
The reported measurements are a Tevatron legacy, testing perturbative quantum chromodynamics (pQCD), the theory of strong interaction, at high momentum transfer squared (Q2 ) and aiming to reduce the large theoretical uncertainty in the Z/γ ∗ +heavy-flavor jet production. They constrain predictions of Z/γ ∗ +jets production rates and shapes, which is important because Z/γ ∗ +jets
production is a sizable background in studies of rare standard model processes, such as top-quark,
diboson, and Higgs boson production, and in searches for new physics.

The Z boson (or time-like virtual photon) is reconstructed from l + l − pairs (l = e or µ ) with
transverse momentum pT > 25 GeV/c with respect to the beam axis, rapidity |y|<1.0, and invariant mass 66<Mll <116 GeV/c2 . Jets are reconstructed using the midpoint algorithm [1] in a
cone of radius R=0.7 in the η − φ space and are required to have pT > 30 GeV/c, |y| < 2.1, and
∆R(l, jet)>0.7. Differential cross sections are measured independently in the electron and muon
channels and then combined accounting for correlations between systematic uncertainties with a
modified best linear unbiased estimator (BLUE) algorithm [2] that implements asymmetric errors.
The measured cross sections are corrected to hadron level. The total systematic uncertainty ranges
from 5% to 15%, with the jet energy scale being the dominant source of uncertainty. For the
Z/γ ∗ +heavy flavor measurements, a secondary vertex algorithm is used to tightly tag the heavyflavor jets, the second electron in Z/γ ∗ →e+ e− decays can be either central (|y|<1.0) or forward
(1.2<|y|<2.8) to increase the acceptance, and an artificial neural network (ANN) is implemented
to increase the electron and muon identification efficiency. The bottom flavor fraction is determined
by fitting simulated templates to the measured invariant mass distribution of the tagged jets and the
measured Z/γ ∗ +heavy flavor cross section is normalized to the inclusive Z/γ ∗ cross section or the
Z/γ ∗ +light flavor cross section in order to reduce systematic uncertanties.

3. Z/γ ∗ +light-flavor jets production
The results are compared with predictions from the “tree-level” matrix-element program ALP GEN [3], which calculates the Z/γ ∗ +jets production amplitudes for any given jet multiplicity without accounting for virtual-particle “loop” processes, and from the program POWHEG [4], which
calculates the Z/γ ∗ +jets production amplitudes at next-to-leading order (NLO) in the coupling parameter of the strong interaction. In both cases, the partons (quarks and gluons) generated by the
matrix-element program are showered using the standard parton-showering program PYTHIA [5],
which also implements a realistic “underlying event” from soft parton interactions around the hard
scattering process, matching pQCD and non-pQCD physics. Comparisons with more calculations
are available in the public Web site of the analysis [6]. The largest theoretical uncertainty originates from the choice of the scale. Uncertainties from the parton distribution functions (PDF), of
the order of 2−4%, are also considered.
Figures 1 and 2 show the comparisons of the measured and predicted cross sections as functions of the transverse momentum of the reconstructed boson and of the jet multiplicity, respectively. Good agreement between data and predictions is observed, both in the normalizations and
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in the shapes of the distributions. The ALPGEN + PYTHIA calculation is more sensitive to the
choice of the PYTHIA tune and has larger scale and matching uncertainties.

4. Z/γ ∗ +bottom-flavor jet production

5. Summary
We report high precision measurements of the cross sections for Z/γ ∗ production, where the
Z/γ ∗ boson decays leptonically, associated with light-flavor jets and with a bottom-flavor jet. Both
measurements use the full CDF data sample. The results are compared with state-of-the-art calculations. The comparisons show good agreement between the data and NLO pQCD predictions.
Calculations at the “tree level” also agree with the data, but have larger scale and matching uncertainties and stronger dependence on the non-pQCD physics tune.
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The results are compared with predictions from the NLO matrix-element program MCFM
[7]. Comparisons with more calculations, including ALPGEN + PYTHIA, are available in the
public Web site of the analysis [8]. The fraction of the cross section, integrated over the acceptance, for Z/γ ∗ +bottom flavor production to the cross section for inclusive Z/γ ∗ production is
(0.261±0.023stat ±0.029syst )% and to the cross section for Z/γ ∗ +light flavor production is (2.08±
0.18stat ±0.27syst )%. The corresponding fractions from MCFM are, respectively, 0.23% and 1.8%
at Q2 = m2Z + hpT,Z i2 , and 0.29% and 2.2% at Q2 = hpT, jet i2 , where mZ and hpT,Z i are the mass
and the average transverse momentum of the Z boson, respectively, and hpT, jet i is the average
transverse momentum of the bottom-flavor jet. The comparison shows that both fractions are well
predicted by MCFM within uncertainties. Figure 3 shows the comparisons of the measured and predicted cross sections as functions of the transverse momentum and the rapidity of the bottom-flavor
jet. Reasonable agreement between the data and the predictions is observed within uncertainties.
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Figure 1: Differential cross sections (left) and data/theory ratios (right) for Z/γ ∗ +light flavor production as
functions of the transverse momentum of the Z boson. The data are compared with predictions from the
“tree-level” ALPGEN + PYTHIA (top) and NLO POWHEG + PYTHIA (bottom) calculations.
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Figure 2: Differential cross sections (left) and data/theory ratios (right) for Z/γ ∗ +light flavor production as
functions of the jet multiplicity ≥Njets , which means at least Njets jets in the event. The data are compared
with predictions from the “tree-level” ALPGEN + PYTHIA (top) and NLO POWHEG + PYTHIA (bottom)
calculations.
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Figure 3: Differential cross sections (left) and data/theory ratios (right) for Z/γ ∗ +bottom flavor production
as functions of the b-jet transverse momentum (top) and rapidity (bottom). The cross sections are normalized
to the cross section for inclusive Z/γ ∗ production integrated over the acceptance. The data are compared with
NLO MCFM calculations for various choices of the scale.
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