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Summary. — We present preliminary measurements of Z/γ∗+jets, W + c and
Z + b + X at the Tevatron, and review recent measurements of vector boson plus
inclusive and heavy-flavor jets production. All measurements are in agreement with
next-to-leading-order QCD calculations within the experimental and theoretical un-
certainties. We also point to comparisons of the production rate and kinematics
of the data with several Monte Carlo simulation programs of vector boson + jets
processes.

PACS 12.38.Qk – Experimental tests.
PACS 14.70.-e – Gauge bosons.
PACS 14.65.-q – Quarks.

1. – Introduction

The associated production of vector boson (V) and jets is a major background to
single and pair-produced top quarks, as W and Z+ heavy flavor jets share much of the
final-state signature of top events. The contribution of W+ heavy flavor quark (c, b)
for instance leads to one of the main systematic uncertainties to the identification and
measurements of single top at the Tevatron, but also searches for the Higgs boson in the
WH → Wbb̄ channel. In recent measurements of top quarks at CDF [1], the estimates
of the Wbb̄, Wcc̄ and Wc backgrounds carry a precision of only ∼ ±30%. Calculations
of V+jets at next-to-leading-order (NLO) in QCD are available mostly for lower jet
multiplicities. Moreover, a number of Monte Carlo (MC) simulation tools are also avail-
able: these include simulations based on leading-order (LO) matrix elements followed
by parton shower modeling (e.g., PYTHIA, HERWIG), or higher-order matrix elements for
the hard-scattering process (e.g., ALPGEN, SHERPA), followed by modeling of the parton
shower. The production of V+jet, in addition to be crucial for the understanding of top
quark candidate samples, gives important information on parton distribution functions
(PDFs) inside the proton and allows for stringent QCD and Standard Model tests. We
present preliminary measurements of Z/γ∗+jets, W + c and Z + b + X and review the
latest measurements of V + inclusive and heavy flavor jets at the Tevatron.

(∗) On behalf of the CDF and D0 Collaborations.
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Fig. 1. – Measured total cross section for inclusive jet production in Z/γ∗ → μμ events, as a
function of the number of jets (a) and the jet pT (b). The data are compared to LO and NLO
pQCD predictions.

2. – Vector boson plus inclusive jets

2.1. W+jets. – The production cross section of W+jets in pp̄ collisions at
√

s =
1.96 TeV has been measured [2] using a data sample corresponding to an integrated
luminosity of ∼ 320 pb−1, collected with the CDF II detector. The CDF II detec-
tor is described in detail elsewhere [3-7]. W bosons are identified in their electron
decay channel, and electrons from the W decay are required to have transverse en-
ergy ET > 20 GeV and pseudo-rapidity |η| < 1.1(1). Jets are reconstructed using
a cone algorithm [8] with radius 0.4 and are required to have Ejet

T > 20 GeV and
|η| < 2.0, where Ejet

T is calibrated such that it measures on average the summed ET

of the particles within the jet cone that are the result of the pp̄ → W + X interac-
tion. The measurement’s results include the determination of the total cross section:
σ(pp̄ → W+ ≥ n-jet;En-th jet

T > 25GeV) × BR(W → eν) and the differential cross
section dσ(pp̄ → W+ ≥ n- jet)/dEn-th jet

T × BR(W → eν) for (n = 1–4). The data
is seen to agree to better than ∼ 10% with NLO calculations done with the MCFM [9]
program (n ≤ 2). The analysis also presents comparisons of the data with MC modeling
based on LO perturbative QCD (pQCD) calculation plus parton shower and hadroniza-
tion (MADGRAPH+PYTHIA [10] and ALPGEN+HERWIG [11]). The production cross section
measured in the data (σn), as a function of n-jets, results higher than that predicted by
these models by about 40%, although the ratio σn/σn−1 is well reproduced.

(1) We use a (z, φ, θ) coordinate system where the z-axis is in the direction of the proton
beam, and φ and θ are the azimuthal and polar angles, respectively. The pseudorapidity is η =
− ln(tan θ

2
). Transverse energy and momentum are ET = E sin θ and pT = p sin θ, respectively,

where E and p are energy and momentum.
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2.2. Z/γ∗+jets. – The production of Z/γ∗+jets at the Tevatron has been measured in
the Z → ee decay channel [12] by the CDF Collaboration and in Z/γ∗ → μμ and Z/γ∗ →
ee decay channels [13-15] by the D0 Collaboration, using ∼ 2.5 fb−1 and ∼ 1.0 fb−1 of
collision data, respectively. We present here a preliminary measurement in the Z/γ∗ →
μμ decay channel using ∼ 2.4 fb−1 of data collected with the CDF II detector. Jets
are reconstructed using the midpoint algorithm [16] with cone radius R = 0.7 and are
required to have transverse momentum pjet

T ≥ 30 GeV/c, rapidity |yjet| ≤ 2.1(2) and a
minimum distance between the jets and the muons ΔRμ-jet > 0.7. The value of pjet

T

is corrected back to the particles that enter the jet cone, and includes also corrections
for the multiple pp̄ interactions per crossing at high instantaneous luminosity. In fig. 1
the data is compared to LO and NLO predictions computed using the MCFM program.
Figure 1(a) shows the cross section as a function of the number (Njets) of jets in the event,
while fig. 1(b) shows the inclusive pjet

T differential cross section for Z/γ∗ ≥ 1 jet. The
theoretical predictions include parton-to-particle level correction factors that account for
underlying event and fragmentation processes. The measurements are well described
by NLO pQCD predictions (for Njet ≥ 3 only LO predictions are available), and the
Njet differential cross section measurement suggests a common LO-to-NLO multiplicative
factor of ∼ 1.4, approximately independent of Njet.

The extensive Z-boson+jets sample collected at the Tevatron has also allowed de-
tailed comparisons of the data with LO and NLO predictions in a variety of phase space
regions. In the most recent of these analyses [14], differential Z/γ∗+jet+X cross sec-
tions are measured, binned in the azimuthal angle between the Z/γ∗ and leading jet,
Δφ(Z, jet), absolute value of the rapidity difference between the Z/γ∗ and leading jet,
|Δy(Z, jet)|, and the absolute value of the average rapidity of the Z/γ∗ and leading jet,
|yboost(Z +jet)|. The Δφ(Z, jet) distribution is sensitive to QCD radiation. The rapidity
variables, Δy(Z, jet) and yboost(Z + jet) have primary contributions from the relative
momenta of the incoming partons in the hard scatter but are modified by any additional
QCD radiation. Figure 2 shows the normalized differential cross section as a function
of |Δy(Z, jet)|. The data corresponds to an integrated luminosity of 0.97 ± 0.06 fb−1

collected with the D0 detector. A full description of the D0 detector is available else-
where [17], jets are reconstructed using an iterative midpoint algorithm [18] with cone
radius 0.5 and their transverse momentum is corrected for the calorimeter response, in-
strumental noise and pile-up from multiple pp̄ interactions and bunch crossings. The
analysis selects events with pjet

T > 20 GeV/c and |ηjet| < 2.8. The data are compared
with LO and NLO pQCD calculations obtained using MCFM, after correcting the predic-
tions for hadronization and underlying event using PYTHIA. The data are also compared
in fig. 2(c)(d) with matrix element calculations with matched parton shower implementa-
tions such as SHERPA and ALPGEN. The NLO pQCD calculation provides a good modeling
of the data and is a significant improvement in both shape and uncertainty over LO.

2.3. γ+jets. – The production of pp̄ → γ + jet + X at a center-of-mass energy√
s = 1.96 TeV has been measured [19] using ∼ 1.0 fb−1 of data collected by the D0 detec-

tor. Photons are reconstructed in the central rapidity region |yγ | < 1.0 with transverse
momenta in the range 30 < pγ

T < 400 GeV/c while jets are reconstructed in either the
central |yjet| < 0.8 or forward 1.5 < |yjet| < 2.5 rapidity intervals with pjet

T > 15 GeV/c.

(2) Rapidity is defined as y = 0.5 ln[(E + pz)/(E − pz)], where E is the energy, and pz is the
component of momentum parallel to the proton beam direction.
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Fig. 2. – Measured (normalised) cross section for Z/γ∗+jet+X production with pZ
T > 25 GeV/c,

in bins of |Δy(Z, jet)| [14]. All ratios in (b), (c) and (d) are shown relative to the prediction
from SHERPA.

Different angular configurations between the photon and the jets can be used to simul-
taneously test the dynamics of QCD hard-scattering subprocesses in different regions of
parton momentum fraction x and large hard-scattering scales Q2. The data are com-
pared to NLO QCD predictions obtained using JETPHOX [20-22] with CTEQ6.5M PDF [23]
and BFG fragmentation functions of partons to photons [24]. While the NLO predic-
tions are seen to give a good overall description of the dσ/dpγ

T differential cross section,
discrepancies of order 30–40% appear when attempting to describe simultaneously the
data in four separate kinematic regions defined by the rapidity of the photon and that
of the leading jet (central jets with yγ · yjet > 0 and yγ · yjet < 0, and forward jets with
yγ · yjet > 0 and yγ · yjet < 0). The measurements are compared to the corresponding
theoretical predictions, which are seen to overestimate slightly the production measured
for photons with pγ

T > 200 GeV/c.

3. – Vector boson plus heavy-flavor jets

3.1. W + b + X. – The measurement of the production of W + b-jets provides an
important test of QCD, and the understanding and modeling of this process is crucial,
e.g., in searches for standard model Higgs boson via WH → Wbb̄ and measurements
of single top. Theoretical predictions for W + b-jets production are based on NLO
calculations in the 1-jet and 2-jet multiplicities [25-27] and show an enhancement over
LO of up to a factor of two. The cross section for jets from b quarks produced with a
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W boson has been measured [28] in pp̄ collision data at
√

s = 1.96 TeV using ∼ 1.9 fb−1

of integrated luminosity recorded with the CDF II detector. The measurement is based
on the selection of events consistent with the electronic or muonic decay of a W boson
and containing one or two jets. The identification of heavy-flavor originated jets is
based on the detection of a secondary vertex (vertex b-tagging), reconstructed from the
charged particles within each jet, and well displaced from the primary pp̄ interaction
vertex location. The invariant mass of the charged particles forming the secondary
decay vertex is used as a discriminant to separate b-jets from charm and certain light
flavor hadrons which are accidentally b-tagged. The measurement’s result: σWbX(pe,μ

T >
20GeV/c, |ηe,μ| < 1.1, pT,ν > 25GeV/c, ET,b-jet > 20GeV, |ηb-jet| < 2.0) × BR(W →
�ν) = 2.47 ± 0.27(stat) ± 0.42(syst) pb is in agreement, although about two standard
deviations higher, with the NLO calculation for the corresponding phase space of 1.22±
0.14 pb. Modelings based on LO from PYTHIA and summed fixed-order from ALPGEN of the
jet ET and jet η differential cross sections are seen to agree with the data, although the
overall production cross section predicted by these programs is lower than the measured
value by factors of 2.5–3.5.

3.2. W + c. – Calculations of the production of W+charm quark at the Tevatron
carry a precision of only ∼ 30%, due to uncertainties in the strange-quark density in the
proton and on the renormalization and factorization scales in the NLO calculation [29].
Therefore, experimental constraints are crucial to help in searches and measurement
of signatures with the W+heavy flavor final state. The experimental determination
of W+charm is based on the correlation between the charge of the W boson and the
charge of the lepton (e or μ) from the semileptonic decay of the charm hadron. Charge
conservation in the process gq → Wc (q = d, s) allows as final states only the pairings
W+c̄ and W−c and therefore the charge of the lepton from the semileptonic decay of the c
and the charge of the lepton from the W decay are always of opposite sign. By subtracting
the number of same-sign combinations from the opposite-sign sample it is possible to
highlight a W+charm signal from which the production cross section is measured. We
report a preliminary measurement using the semileptonic electron decay of the charm,
performed with ∼ 4.3 fb−1 of collision data recorded by the CDF II detector. The
analysis’s result: σW+c(pT,c > 20GeV/c, |ηc| < 1.5)×BR(W → �ν) = 21.1±7.1(stat)±
4.6(syst) pb is in agreement with the NLO theoretical calculation of 11.0+1.4

−3.0 pb. More
precise measurements of W + c at the Tevatron have been derived using the semileptonic
muon decay of the charm, as the identification of soft muons in jets leads to purer
charm samples than those based on jets with soft electrons. The two most accurate
measurements to-date of W boson production with a single charm quark in pp̄ collisions
at

√
s = 1.96 TeV, have been made using ∼ 1.8 fb−1 and ∼ 1.0 fb−1 of data collected

with the CDF II and D0 detectors, respectively [30, 31]. The CDF anaysis measures
σWc(pTc > 20GeV/c, |ηc| < 1.5) × BR(W → �ν) = 9.8 ± 3.2 pb. The D0 analysis
measures the ratio σW+c/σW+jets = 0.074± 0.019(stat)+0.012

−0.014(syst), in agreement with a
LO prediction of 0.044± 0.003. Both these measurements are based on the identification
of the charm-jet via the semileptonic muon decay of the charm. A precision of ∼ ±15%
could be reached in the near future by analyzing the larger datasets of several fb−1

already available at the Tevatron.

3.3. Z + b + X. – Similarly to W + b or c quarks, the associated production of Z
with one or more b jets provides an important test of QCD and its accurate modeling is
crucial in particle searches, e.g., for the standard model Higgs boson in the ZH → Zbb̄
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Fig. 3. – The leading jet pT in Z + b-jet candidate events, with contributions from b, c and
mis-identification of light-flavor jets.

decay mode [32]. We present a preliminary measurement of Z + b jets performed using
∼ 4.2 fb−1 of data collected with the D0 detector. Jets are reconstructed using the
iterative midpoint algorithm [18] with a cone of radius ΔR = 0.5. The energy of jets is
corrected for detector response, noise, the presence of additional interactions, and energy
deposited outside the reconstructed jet cone. Figure 3 shows the pT distribution of the
candidate b jets in data and MC, where the MC expectations for various jet flavors have
been weighted by the fractions determined by a maximum likelihood fit of the distribution
of probability that a jet originates from the primary vertex. This analysis supersedes an
earlier measurement [33] and yields: σ(Z + b jet)/σ(Z + jet) = 0.0176 ± 0.0024(stat) ±
0.0023(syst) for jets with pT > 20 GeV/c and |η| ≤ 1. The result is compatible with
the NLO QCD prediction of 1.8 ± 0.4% [34]. A measurement of Z + b + X had also
been performed using ∼ 2 fb−1 of collision data collected by the CDF II detector [35].
In the analysis, jets are selected with ET > 20 GeV and |η| < 1.5 and are identified
as b jets by the detection of a secondary vertex. The measurement determines the
ratio of the integrated Z + b jet cross section to the inclusive Z production cross section:
(3.32±0.53(stat)±0.42(syst)) ·10−3. The production ratio σ(Z+b jet)/σ(Z+jet) for jets
and b jets with ET > 20 GeV and |η| < 1.5 is measured as (2.08±0.33(stat)±0.34(syst))%,
both values consistent with predictions from LO MC generators (ALPGEN and PYTHIA)
and NLO QCD calculations using MCFM.

3.4. γ+b+X, γ+c+X. – The production of γ+heavy flavor jets has been measured [36]
using an integrated luminosity of ∼ 1 fb−1 of data collected by the D0 detector. Photons
produced in association with heavy quarks (c or b) provide valuable information about
the parton (b, c and gluon) distributions in the proton and anti-proton. Measurements of
the dynamics of γ + b, c + X also provide testing of perturbative QCD and its modeling
helps in searches for new physics that shares the γ+heavy flavor final states. The analysis
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provides the first measurements of the differential cross sections d2σ/(dpγ
T dyγdyjet) in

γ + b, c candidate events, for photons with transverse momenta 30 < pγ
T < 150 GeV/c,

photon rapidities |yγ | < 1.0, jet rapidities |yjet| < 0.8, and jet transverse momenta
pjet

T > 15 GeV/c. The γ + b + X production is seen to agree with the prediction based
on NLO pQCD using CTEQ6.6M PDFs over the entire range of pγ

T . The γ + c + X
production is seen to agree with the NLO pQCD prediction for pγ

T < 50 GeV/c whereas
the data becomes larger by about 2 standard deviations than the calculated cross section
for harder photons (pγ

T > 70 GeV/c).

4. – Conclusions

We have presented preliminary measurements of Z/γ∗+jets, W + c and Z + b + X,
and reviewed the latest measurements of vector boson plus inclusive and heavy flavor
jets at the Tevatron. All measurements of the production and kinematics of V+jets
are in good agreement with NLO pQCD calculations. More precise measurements of
W + b + X and W + c are needed to constrain the theoretical uncertainties, and help
reducing uncertainties on measurements of single top quark and WH → bb̄ searches.
Significant improvements on measurements of W + b, c production are expected in the
near future based on the latest Tevatron datasets and developments of the analyses
technique.

REFERENCES

[1] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. Lett., 101 (2008) 252001.
[2] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. D, 77 (2008) 011108(R).
[3] Abe F. et al., Nucl. Instrum. Methods Phys. Res. A, 271 (1988) 387.
[4] Amidei D. et al., Nucl. Instrum. Methods Phys. Res. A, 350 (1994) 73.
[5] Abe F. et al. (CDF Collaboration), Phys. Rev. D, 52 (1995) 4784.
[6] Azzi P. et al., Nucl. Instrum. Methods Phys. Res. A, 360 (1995) 137.
[7] Azzi P. et al., The CDF II Technical Design Report, Fermilab-Pub (96) 390-E.
[8] Abe F. et al. (CDF Collaboration), Phys. Rev. D, 45 (1992) 1448.
[9] Campbell J. and Ellis R. K., Phys. Rev. D, 65 (2002) 113007.

[10] Mrenna S. and Richardson P., J. High Energy Phys., 0.5 (2004) 040.
[11] Alwall J. et al., Eur. Phys. J. C, 53 (2008) 473.
[12] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. Lett., 100 (2008) 102001.
[13] Abazov V. M. et al. (D0 Collaboration), Phys. Lett. B, 669 (2008) 278.
[14] Abazov V. M. et al. (D0 Collaboration), Phys. Lett. B, 682 (2010) 370.
[15] Abazov V. M. et al. (D0 Collaboration), Phys. Lett. B, 678 (2009) 45.
[16] Abulencia A et al. (CDF Collaboration), Phys. Rev. D, 74 (2006) 071103(R).
[17] Abazov V. M. et al. (D0 Collaboration), Nucl. Instrum. Methods Phys. Res. A, 565

(2006) 463.
[18] Blazey G.C. et al., arXiv, hep-ex/0005012 (2000).
[19] Abazov V. M. et al. (D0 Collaboration), Phys. Lett. B, 666 (2008) 435.
[20] Aurenche P. et al., Nucl. Phys. B, 297 (1988) 661.
[21] Aversa F. et al., Nucl. Phys. B, 327 (1989) 105.
[22] Catani S. et al., JHEP, 05 (2002) 028.
[23] Tung W. K. et al., JHEP, 0702 (2007) 053.
[24] Bourhis L., Fontannaz M. and Guillet J. P., Eur. Phys. J. C, 2 (1998) 529.
[25] Campbell J. et al., Phys. Rev. D, 75 (2006) 054015.
[26] Febres Cordero F. et al., Phys. Rev. D, 74 (2006) 034007.
[27] Campbell J. et al., Phys. Rev. D, 79 (2009) 034023.



166 L. CERRITO

[28] Aaltonen T. et al., Phys. Rev. Lett., 104 (2010) 131801.
[29] Keller S., Giele W. T. and Laenen E., Phys. Lett. B, 372 (1996) 141.
[30] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. Lett., 100 (2008) 091803.
[31] Abazov V. M. et al. (D0 Collaboration), Phys. Lett. B, 666 (2008) 23.
[32] Carena M. et al. (Higgs Working Group Collaboration), arXiv, hep-ph/0010338

(2000).
[33] Abazov V. M. et al. (D0 Collaboration), Phys. Rev. Lett., 94 (2005) 161801.
[34] Campbell J. M., Ellis R. K., Maltoni F. and Willenbrock S., Phys. Rev. D, 69

(2004) 074021.
[35] Aaltonen T. et al. (CDF Collaboration), Phys. Rev. D, 79 (2009) 052008.
[36] Abazov V. M. et al. (D0 Collaboration), Phys. Rev. Lett., 102 (2009) 192002.


