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We present evidence for associated production of Standard Model vector bosons
W and Z in a final state consistent with semileptonic plus heavy flavor quark decay
(fv+b, c jets). This analysis uses the full dataset collected with the CDF II detector
at the Tevatron Collider at Fermilab, corresponding to an integrated luminosity of
approximately 9.4 fb~!. Events consistent with the signature of a high pr charged
lepton (electron or muon), large missing transverse energy and exactly two jets,
of which at least one is required to contain a secondary vertex displaced from the
jet origin, are selected. A multivariate discriminant based on the Support Vector
Machine algorithm is used to reduce the multi-jet background contamination. Signal
discrimination is based on the di-jet invariant mass and, due to the closeness of the
W and the Z, the W decay into an heavy flavor jet (e.i. WT — ¢5) contributes to
the signal evidence together with Z — bb, cc.

A cross section of opiposon = 0.79 £+ 0.28 x a‘g%oson
bined diboson production. This corresponds to a significance of 3.08¢. On a second
step a two dimensional discriminant based on invariant mass and a “flavor sep-
arator” Neural Network is used to measure WW and WZ/ZZ separately. The

: — +0.35 SM
processes have been measured to have cross sections of oy = 0.457755 X oy

and owz/zz = 1.64J_r8:§§ X O'I‘?{/Aé 172> consistent with the SM prediction and corre-

sponding to a significances of 1.78¢ and 2.540 for WW and W Z/Z Z respectively.

is measured for the com-

1 Introduction

This note describes the evidence for associated production of Standard Model (SM) vector
bosons W and Z in a final state consistent with semileptonic plus heavy flavor (HF') quark
decay (fv + b, c jets). The search uses the full dataset collected with the CDF II detec-
tor [3] at the Tevatron Collider at Fermilab, corresponding to an integrated luminosity of
approximately 9.4 fb~!, and completes the results presented in [1].



The lepton plus neutrino plus two HF jets signature, although experimentally complex,
is of primary importance at hadron colliders. For example, at the Tevatron, the most
sensitive single channel for the SM low mass Higgs boson searches (My < 140 GeV /c?),
is the W H associate production where the H — bb and the W decays leptonically (W —
(v) [2]. Therefore the measurement of a SM resonance in the same channel is both a
benchmark for the low mass Higgs boson searches, a challenging measurement, and a test
of the SM predictions.

Signal candidates selection is based on reconstructed W — fv (¢ = e, u) decays
produced together with two high-FEr jets consistent with a HF quark origin. The elec-
tron/muon is identified by an extended set of high-py charged lepton reconstruction algo-
rithms (a total of 10) while the neutrino presence is inferred by missing transverse energy
(£7 ) in the event. At least one of the two jets should contain a reconstructed secondary
decay vertex pointing to the in-flight decay of a b-hadron (“b-tagging”) [5].

The main backgrounds for the signal processes include: W+jets production (where the
jets contain either tagged heavy flavor or mis-tagged light flavor), top quark production
and multi-jet production (dubbed also QCD or non-W), where one jet is misidentified
as a lepton. In order to increase the acceptance of our signal we use several triggers
and lepton identification algorithms. To reduce the QCD background we use a multi-jet
rejection algorithm based on a Support Vector Machine (SVM) discriminant exploiting
the kinematic of the event.

We base our signal to background discrimination on the invariant mass distribution
of the high-pr jet pair entering in our selection. The secondary vertex finding algorithm
reconstructs about 60% of WZ/ZZ (ZZ contribution to the Z — HF final state is
about 10% with respect to W Z) decaying into heavy flavors and about 8% of the sec-
ondary vertices produced by charmed-hadrons coming from WW. On a following step,
a flavor-separator Neural Network [9] (KIT-NN) exploiting more of the secondary vertex
properties, is used to separate WW from W Z/ZZ contribution.

2 Data Sample & Event Selection

This analysis uses the full CDF II dataset: collected between March 2002 and September
2011. After data quality requirements, it corresponds to an integrated luminosity of
9.4 fb=!. We select events consistent with the signature of a W boson leptonic decay, large
missing transverse energy and exactly two energetic jets. We accept tight charged lepton
candidates, loose muon candidates (a total of five different algorithms) and isolated tracks;
by construction these lepton categories are orthogonal to each other. In the following,
sometimes, we refer to these categories of events as:

e CEM: central tight electrons;



e PHX: forward (or “Plug”) tight electrons;

e CMUP and CMX: central tight muons;

e EMC (Extended Muon Categories): loose muons plus isolated track lepton candi-
dates [10].

Selection starts online with an ensemble of different triggers. Tight central electrons
(muons) are collected by requiring a lepton with Er (pr)> 18 GeV (GeV/c). Tight
forward electrons are collected by a joint requirement of £ > 15 GeV and electromagnetic
calorimeter clusters of 20 GeV in the region 1.1 < |n| < 2.4.

Data containing loose leptons and isolated tracks are gathered using a set of triggers
based on missing transverse energy (#r ) and jet information.

Oflline the selection of a sample of W +-jets events is performed by requiring, in each
event, two leptons (one isolated and charged and a neutrino) and two jets. Therefore we
ask for Fr > 15 GeV and a single, isolated electron (muon) with Er(pr)> 20 GeV(GeV/c)
in the central (|npe| < 1.1) or forward (1.2 < |npet| < 2.0) part of the detector. Jets are
reconstructed with a cone algorithm of radius R = 0.4. We require exactly two jets with
|Mpet] < 2.0 and E$™ > 20 GeV, after jet energy corrections for detector effects [4].

Multi-jet (non-W) background is further suppressed with the use of a multivariate
technique (see Section 2.1).

As we are looking for events in which W or Z bosons decay into heavy flavour, we
further require that at least one of the two jets is originating from a HF-hadron quark
tagged by the Secondary Vertex tagger algorithm [5] (SecVtx).

2.1 Suppression of Multi-jet Background

A fake W-boson-like signature can be generated when one jet fakes a high pr lepton
and Frr comes from jet energy mis-measurement.We developed a method to suppress the
multi-jet background using a multivariate technique based on the Support Vector Machine
algorithm (SVM) [6]. We developed a software package, based on the LibSVM [7] library,
able to perform algorithm training, variable ranking, signal discrimination and robustness
test. We trained two discriminants, one for the central electron sample and one for the
forward electron samples !. The signal model is based on the Alpgen [8] W — ev + 2,3
parton MC while data driven multi-jet models have been used for the background. Signal-
background separation has been obtained exploiting kinematic variables.

In the previous analysis [1], the SVM was used as a binary classifier between W+jet vs
multi-jet events, while, this time, the continuous output distribution of the discriminant

!The multi-jet contamination is from two to three times higher in the forward reconstructed electrons
with respect to the central electron selection.



is used both in the selection and in the estimate of the multi-jet contamination. As
explained later in Section 3, the multi-jet contamination is unknown a-priori and should
be derived with a fit on a sensitive variable. The newly trained SVMs demonstrated
a good separation power between multi-jet and W +jets events and sensitivity to the
final multi-jet contamination in the signal region. Figure 1 shows the fitted SVM output
distributions used to evaluate QCD contribution for the CEM, PHX, CMUP and CMX
categories.

The SVM trained on the central electron sample was successfully used also on all the
other central selected events (tight muons, loose muons and isolated tracks) because the
machine is based only on the kinematic properties of W+jets and multi-jet events.

Overall we achieve a large reduction of the multi-jet contamination in all the lepton
categories (with a fraction of QCD events ranging from ~ 15% for PHX to negligible
amounts for tight muons), maintaining a very high efficiency on the signature pp — fv+jj
(€W+jets ~ 95%).

3 Backgrounds

Since our final state has the signature of a charged lepton, £r and two jets (a W boson
and jets signature), the following background sources are considered:

Non-W /Multi-jet : a W-boson-like signature is generated when one jet fakes a high
pr lepton and Fr is generated through jet energy mis-measurement.

W + Mistags: this background occurs when one or more light flavor jets produced in
association with a W boson are mistakenly identified as a heavy flavor jet by the b-tagging
algorithm. Mistags are generated because of the finite resolution of the tracking detectors,
material interactions, or from long-lived light flavor hadrons (A and K) which produce
real displaced vertices. The mistag probability of a generic jet is measured in a multi-
jet control sample and parametrized as a function of six significant variables (“mistag
matrix”).

W+ Heavy Flavor: these processes (W+bb, W+-cé and W+-c) involve the production
of heavy flavor quarks in association with a W boson.

Other Electroweak Backgrounds: additional small but non-negligible background
contributions come from single top quark and top quark pair production, Z boson + jets
production.

We determine the amount of selected W+jets events for each lepton category by fitting
the SVM distribution of the pretag data control sample (see Figure 1): for top and
electroweak components the MC templates are normalized to the theoretical expectation
while for W+jets and non-W the normalization is free to float in the likelihood fit used.
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Figure 1: W-jets (green) and QCD (pink) fraction estimates for the Pretag control region
derived from a fit on the SVM output distribution. The figure shows (left to right and top to
bottom) CEM, PHX, CMUP and EMC charged lepton categories. The reported percentage

refers to the fractions of the components beyond the signal selection cut pointed by arrows.

The following samples are used to produce the non-W templates:

e ‘“anti-electrons” CEM specific;

e “anti-electrons” PHX specific;

e non-isolated (isolation > 0.2) tight muons for the central tight muons fakes;
e non-isolated (isolation > 0.2) loose muons to mimic the EMC categories.

The anti-electron non-W templates are built by inverting 2 out of 5 electron shower
identification variables; this selection criteria can bias the QCD model. In order to



improve the model, we apply a correction to the Fr of the CEM anti-electron events
based on the calorimeter response to the anti-electron candidate.

The b—tagged W+ heavy flavor (H F') component is extracted from the total W+jets
pretag sample: the total W+jets is composed by a large set of Alpgen+Pythia [11] Monte
Carlo weighted by their LO production cross section, the H F' fractions are then extracted
and scaled for the NLO contribution and b—tagging algorithm efficiency.

We estimate the normalization of W + mistags background by applying the mistag
matrix to the pretag data after subtracting the non-W, top, diboson, Z+jets and W+HF
contributions. We model the W + mistag kinematics and shapes using W + light flavor
Monte Carlo events weighting each event for the mistag probability.

The top quark and other electroweak backgrounds are normalized directly to their
theoretical cross sections, calculated at next-to-leading order.

Finally the residual tagged non-W component is fitted to the data together with a
template of all the other backgrounds: the two normalizations are free to float and the
multi-jet one is extracted. More details on the background estimate can be found in
Ref [9].

Tables 1 and 2 summarize the number of observed and expected events in the W+2
jets sample, for all lepton categories, with one b—tag and with two b—tags, respectively.

4 M,,,(jetl, jet2) distribution

Signal discrimination is based on the invariant mass of the two jets (M;,,(jetl, jet2)) for
double tag events and on the bi-dimensional distribution of Mj,,(jetl, jet2) against the
KIT-NN output for the single tag events. The KIT-NN output, ranging from -1 to 1, is
divided in four equal size bins: the right-most is the most enriched in b-like secondary
vertices, while the others have variable composition of b-like, c-like and mistag-like jets.
The final result is based on a total of eight different channels: 4 lepton sub-samples (CEM,
PHX, Tight Muons, EMC) x 2 b-tag prescriptions (1 tag with KIT-NN and 2 tags).
The M;,,(jetl, jet2) distribution combining all of the lepton categories for the single-tag
channel is shown in Figure 2, integrated across all the KIT-NN values. Figure 3 shows the
single-tag M;,,(jetl, jet2) distribution for the b-enriched KIT-NN region (KIT-NN > 0.5,
right plot) and the M;,,(jetl, jet2) distribution corresponding to the low score KIT-NN
bins (KIT-NN < 0.5, left plot). Finally, the M;,,(jetl, jet2) distribution for double-
tagged events is shown in Figure 4. M;,,(jetl, jet2) plots shown here are normalized to
the values returned by the final fit, with a full treatment of the correlated systematic
effects (see next paragraph for a complete description).



Table 1: Summary of observed and expected events with one secondary vertex tag
(SecVtx), in the W+2 jets sample, in 9.4 fb~! of data in the different lepton categories.
Chennel CEM CMUP CMX EMC PHX
Pretag Data 80263 39045 22465 35810 27759
Zjets 55.53 + 4.73 65.3 & 5.73 37.14 £ 3.28 | 104.18 £ 10.8 7.76 £ 0.67
tt 237.55 £ 23.3 | 139.68 + 13.8 | 62.22 £ 6.14 | 228.58 £ 25.6 | 46.93 £ 4.59
Single Top s | 64.23 £+ 5.88 36.42 + 3.35 16.11 £ 1.49 | 51.68 £ 5.48 11.08 + 1.02
Single Top t | 84.95 + 9.99 47.75 £ 5.64 22.5 + 2.66 66.22 £+ 8.56 16.86 + 1.98
WW 84.35 £ 11.8 43.7 £ 6.17 23.68 + 3.35 03.11 £ 8 25.05 £ 3.54
77 1.85 £ 0.19 2.45 £ 0.25 1.37 £ 0.14 3.45 £ 0.39 0.21 + 0.02
WZ 29.2 £ 2.95 16 £ 1.66 9.21 £ 0.94 20.54 + 2.39 12.32 £ 1.22
Wbb 858.71 4+ 258 | 428.58 £ 129 | 238.99 £+ 71.9 | 409.97 £+ 123 | 263.08 £ 79.1
W+-cc 441.77 £ 134 | 212.98 £ 64.8 | 120.26 £ 36.6 214 £ 65 145.08 + 44.1
W+-cj 342.86 &£ 104 | 171.77 £ 52.2 | 93.01 + 28.3 | 143.47 4+ 43.6 | 96.42 £ 29.3
Mistags 809.01 £ 87.1 | 408.74 + 43.3 | 230.75 £ 24.7 | 463.65 £ 53.5 | 302.78 £ 32.2
Non-W 302.69 £ 121 58.75 + 23.5 27.96 + 11.2 | 106.35 4+ 42.5 | 205.06 + 82
Prediction 3312.68 + 521 | 1632.11 £ 253 | 883.21 4+ 140 | 1865.2 4+ 248 | 1132.63 &+ 176
Observed 3115 1577 830 1705 1073
Dibosons 115.39 £ 13 62.15 £ 6.87 | 34.26 £ 3.75 | 77.09 £9.35 | 37.57 £ 4.05

4.1 Cross Section Measurement and Statistical Analysis

The process diboson— ¢v+ H F was never observed before in a single analysis. In order to
measure the diboson production cross section, a maximum likelihood Bayesian marginal-
ization technique [12] is applied to the M;,,(jetl, jet2) vs KIT — NN distribution for
1-tag samples and M;,,(jetl, jet2) for 2 tags samples. The following systematic uncer-
tainties (for background and signal) are taken into account as normalization nuisance
parameters (min-max variation is in parenthesis): JES (1-14%), Alpgen @Q* (1-17%),
b-tagging efficiency scale factor 2 (3-24%), lepton identification and trigger efficiencies
(1-4%), multi-jet background normalization (40%), NLO scaling of W+heavy flavor pro-
duction (30%), ISR/FSR (1-4% for signal only) and mistag uncertainty (12-25%). In
addition JES, Q? and KIT-NN c/light-flavor parametrization, are taken as shape system-
atics as well, where the interpolated shape variation is used as nuisance parameter. All

the nuisance parameters are integrated in the fit to improve the sensitivity.

2Efficiency for c—matched jets in MC have never been measured directly, althoug the sources of HF-
tagging uncertianties are supposed to be the same as for b-matched jets. A conservative prescription is
to double the systematic error with respect to the b—jet standard.




Table 2: Summary of observed and expected events with two secondary vertex tags
(SecVtx), in the W+2 jets sample, in 9.4 fb~! of data in the different lepton categories.

Chennel CEM CMUP CMX EMC PHX
Pretag Data 80263 39045 22465 35810 27759
Zjets 1.43 £+ 0.13 2.84 + 0.27 1.41 £ 0.13 4.6 £ 0.5 0.27 + 0.02
tt 48.21 £ 6.99 | 2731 £3.98 | 1237 £ 1.8 | 44.89 +£6.95 | 9.91 + 1.44
Single Top s | 16.89 £ 2.36 9.68 + 1.36 4.17 £ 0.58 | 13.72 + 2.05 2.87 + 0.4
Single Top t 5.07 &+ 0.81 2.85 + 0.46 1.34 £+ 0.22 4.16 + 0.71 1.13 £ 0.18
WwW 0.72 £ 0.19 0.35 £ 0.09 0.2 + 0.05 0.49 + 0.13 0.18 £ 0.05
77 0.26 + 0.04 0.46 + 0.06 0.29 £ 0.04 0.63 £ 0.1 0.03 £0
WZ 5.28 + 0.75 2.52 + 0.36 1.67 £ 0.24 3.52 + 0.54 2.6 £ 0.37
W+bb 114.7 £ 35.1 | 59.06 4+ 18.1 | 29.49 £ 9.04 | 60.71 £+ 18.6 | 33.92 + 10.4
W+-ce 6.68 + 2.1 3.41 + 1.08 1.63 £ 0.51 4+ 1.25 2.16 + 0.68
W+cj 5.18 + 1.63 2.75 + 0.87 1.26 =04 2.69 £+ 0.84 1.43 £+ 0.45
Mistags 4.53 + 0.94 2.35 + 0.48 1.28 £+ 0.27 2.98 + 0.66 1.7 £ 0.36
Non-W 5.58 + 2.23 4.31 £ 1.73 0=+0.5 0+0.5 6.79 + 2.72
Prediction 214.53 £+ 40.5 | 117.92 4+ 21.1 | 55.11 4+ 10.4 | 142.38 £ 23.3 | 62.99 £ 12.1
Observed 175 92 49 126 62
Dibosons 6.26 + 0.79 3.34 + 0.4 2.15 + 0.26 4.64 + 0.61 2.8 £ 0.38

The diboson signal cross section is first measured leaving the production cross section
of the WW and W Z/ZZ component constrained to the SM ratio, obtaining a cross section
of 68 =0.7194+0.28 x o5M . The resulting Bayesian posterior distribution is shown
in Figure 5 together with the 68% and 95% confidence intervals.

To compute the significance of the measurement we performed a hypothesis test com-
paring data to the Null hypotheses (Hy): Hp assumes all the predicted background
processes except diboson production. Pseudo-experiments (PEs) are extracted from
Hy, distribution. Figure 6 shows the possible outcomes of many cross section mea-
surements in a background-only and in a background+signal hypothesis. The num-
ber of times a background fluctuation produces cross section measurement greater than
o&bs = 0.79 x o2} gives a p—value of 0.0209. The result is evidence for diboson
production in the fv + HF final state with a significance of 3.080.

On a successive step we exploited the KIT-NN separation power of ¢ versus b jets
to have a separate measurement of WW against WZ/ZZ processes 3. We iterated the
cross section measurement procedure but, this time, oww and ow ;7 are left free to

float independently (i.e. not constrained to the SM ratio). Figure 7 shows the measured

3the small ZZ contribution to our signal is impossible to distinguish from the W Z one.
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Figure 2: My, (jetl, jet2) distribution for the 1 SecViz tag candidates where all the lepton
categories have been added together (CEM+PHX+CMUP+CMX+EMC combined). The
best fit values for the rate and shape of the backgrounds are used in the figure.
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Figure 3: My, (jetl, jet2) distribution for the 1 SecVitx tag candidates separate de-
pending on the KIT-NN score on the tagged jet: on left, in case KIT-NN < 0.5, on
the right, in case KIT-NN > 0.5. All the lepton categories have been added together
(CEM+PHX+CMUP+CMX+EMC combined) and the best fit values for the rate and
shape of the backgrounds are used in the figure.
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Figure 4: My, (jetl, jet2) distribution for the 2 SecViz tag candidates where all the lepton
categories have been added together (CEM+PHX+CMUP+CMX+EMC combined). The

best fit values for the rate and shape of the backgrounds are used in the figure.

Bayesian posterior distribution scaled to SM expectation: the maximum value gives the
measured cross sections of ogo”” = 0.50 x oih, and ag,bg’/QZDZ = 1.56 x aﬁ}‘é/zz with
integration contours at 1, 2 and 3 o levels.

To analyze WW and W Z/ZZ channels separately, we projected the two-dimensional
Bayesian posterior on the oww and the owz 7z axes, in this way we consider, one at
the time, the two processes as background. For both WW and WZ/ZZ we re-computed
maximum values and confidence intervals, results are shown in Figures 8. The measured
cross sections are: o3y, = 0457035 x ophy and o5, = 1647058 x o, .

WW and WZ/ZZ significances have been evaluated in a similar way: we generated
PEs with null hypothesis on both WW and W Z/ZZ signals. Then, the cross sections
measured on the oww vs owz/z7 plane have been projected along the axes and compared
with Q% and U‘va% 177 The result of the p—value estimates are reported in Figure 9,
we obtain: p-valueyy = 0.074565 and p-valuey 7,7z = 0.011145. They correspond to a
significance of 1.780 and 2.540 for WW and W Z/Z Z respectively. The upward fluctuation
of owz/zz is consistent with the measurement obtained in the latest WH search by
CDF [13] although with a completely different tagging strategy and final discriminant

variable.

10
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Figure 5: The Bayesian posterior, marginalized over nuisance parameters, is shown. The
maximum value is the central value of the cross-section. The blue and azure areas represent
the smallest intervals enclosing 68% and 95%, of the posterior integrals, respectively.

5 Conclusions

We analyzed the full CDF II dataset, corresponding to 9.4 fb~! of data, looking for the
Diboson — (v + HF signal in the W + 2 jets exclusive sample. We found an excess
over the background-only hypothesis in the M;,,(jetl, jet2) distribution looking at the
double tagged and single tagged events: the result is consistent with evidence (3.08c) for
diboson associate production with one vector boson decaying semileptonically and the
other decaying into HF jets (W — cs and Z — c¢, bb). The measured cross section is
O Diboson — 0.79 £ 0.28 x O’SM

Diboson*

With the help of a flavor-separator NN we measured WW and WZ/ZZ processes

separately and we obtained the following measurements: oyw = 0.451035 x oM, and

owzzz = 1.6455%7 x 03}, with significances of 1.780 and 2.540 for WW and WZ/ZZ
respectively. The results are constent with the SM predictions for diboson associate

production and decay in the fv + HF' channel.
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Figure 6: Possible outcomes of many diboson cross section measurements on Pseudo
Ezperiments (PEs) generated in a background-only and in a background+signal hypothesis.

The p — value for 9% . = 0.79 x o2} s 0.0209, corresponding to a significance of
3.080.
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| WW vs. WZ/ZZ Cross Sections:

Figure 7: The Bayesian posterior, marginalized over nuisance parameters and scaled to
SM ezpectation, is shown in the plane oww vs owz/zz. The measured cross sections

correspond to the mazimum value of oyre’” = 0.50 x o5M, and avovb;/?z = 1.56 x o}% 177
The red, blue and azure areas represent the smallest intervals enclosing 68%, 95% and
99% of the posterior integrals, respectively.
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Figure 9: Possible outcomes of many diboson cross section measurements on Pseudo
Ezperiments (PEs) generated in a background-only and in a background+signal hypothesis
in the oww vs owz/zz plane and then projected on the oww (left) and owz 2z (awis).
The p-values of 0.074565 and 0.011145 correspond to a significance of 1.78c0 and 2.54c
for WW and WZ|ZZ respectively.
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