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(W/Z)Z at Tevatron

• Probe of  the EWSB mechanism

- Test of  SM

- Indirect searches for New Physics 
(xsec, kinematic, couplings)
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Z0	
  	
  	
  

• Ultimate test of  experimental 
and statistical techniques 
used in the Higgs searches
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VZ with Z→bb as Higgs Test

• σ(VZ) ~4.5 times larger than σ(VH)

• Lower masses

- Dijet mass resolution doesn’t allow to separate dijets from W and Z 
decays:   WW(→lνcs) becomes large background

- Background rates and systematics increase at lower masses

- Larger Z→cc contribution than H→cc

3

(W/Z)H (mH=115GeV)

WH→lνbb  27fb
ZH→llbb   5fb

ZH→ννbb  15fb

Sum           46fb

(W/Z)Z 

WZ→lνbb  105fb
ZZ→llbb   24b

ZZ→ννbb  73fb

Sum           202fb
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The Tevatron and DØ

4

• Central tracking: 
silicon vertex detector and 
fiber tracker in 2T field 

• Calorimeter: 
hermetic coverage |η|<4.2,
LqAr Calorimteter

• Muon System: 
excellent purity and 
coverage: |η| < 2

12 fb-1

11 fb-1

Results presented here
based on ~8.7 fb-1

of recorded luminosity

Avg. data-taking efficiency: >90%

DØ
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Validation of  Higgs-Methods
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FIG. 1: The dilepton mass spectra in the (a) µµ, (b) µµtrk, (c) ee and (d) eeICR channels. Distributions are shown
in the “pretag” control sample, in which all selection requirements except b-tagging are applied. Signal distributions,
for MH = 125 GeV, are scaled by a factor of 500.
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FIG. 2: Distribution of the dijet invariant mass in the combined ee, eeICR, µµ and µµtrk sample after requiring two
leptons and at least two jets (pretag). The signal distribution (MH = 125 GeV) is scaled by a factor of 500.

program based on geant3 [16], and the same offline reconstruction algorithms used to process the data. Events from106

randomly chosen beam crossings are overlaid on the generated events to model the effect of multiple pp interactions107

and detector noise.108

The cross section and branching ratio for signal are taken from Refs. [17, 18]. For the tt̄ and diboson processes,109

the next-to-leading order (NLO) cross sections are used [19, 20]. The inclusive Z-boson cross section is scaled to110

next-to-NLO [21]. Additional NLO heavy-flavor corrections, calculated from mcfm, are applied to Z + bb̄ and Z + cc̄.111

To improve the modeling of the pT distribution of the Z boson, the simulated Z boson events are reweighted to be112

4

events. The probability fT |L is defined by the ratio of the estimated multijet contribution including only tight leptons to that
containing loose and tight leptons. For electrons, fT |L is determined as a function of electron pT in three regions of |η| and
four in ∆φ(!ET , e). For muons, fT |L is determined as a function of muon pT , muon detector η, and ∆φ(!ET , µ). Each loose-not-
tight event is assigned a weight that contributes to the multijet estimation based on fT |L as a function of event kinematics.
Since fT |L depends on !ET , the scale of this estimate of the multijet background must be adjusted when comparing to data120

with !ET > 15 (20) GeV for electron (muon) channels. Before applying b-tagging, we perform a fit to the transverse mass of
the W candidate (MT

W ) distribution in the electron channel, or a simultaneous fit to the muon pT and !ET distributions, to
set the scale of the multijet and W/Z+jets backgrounds simultaneously. The V +jets MC estimates are reduced in order to
compensate for contamination of events with real leptons in this multijet estimate. To suppress multijet background, events
with MT

W < 40 GeV − 0.5 !ET GeV are removed in both the electron and muon channels.125

To further suppress the multijet background, we develop a multivariate technique (MVAQCD) that exploits kinematic
differences between the multijet background and signal. The MVAQCD is a Boosted Decision Tree (BDT) developed with the
TMVA package [36]. It employs 12 variables that separate the signal from the multijet background and show good agreement
between the data and background estimates at preselection. We use WH → #νbb̄ events as a signal, and combine three Higgs
boson mass points: 120, 125 and 130 GeV. We verify that that the output distribution is well-modeled after preselection, as130

shown in Fig. 1.
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FIG. 1: Multivariate multijet discriminant output for all Run II electron and muon channels before b-tagging in (a) 2-jet, (b)
3-jet, and (c) 4-jet events. Signal events are scaled by a factor of 1000. Hatched region represent the total statistical uncertainty.

V. JET MODELING CORRECTIONS

Jets are reconstructed using a midpoint cone algorithm [37] with a radius of ∆R =
p

(∆y)2 + (∆φ)2 = 0.5, where y is the
jet rapidity. Identification requirements ensure that the distribution in jet energy for all layers of the calorimeter is reasonable
and that jets are not caused by noise or spurious depositions of energy. The difference in efficiency for jet identification and135
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FIG. 7: Dijet invariant mass in the analysis sample after the multijet veto for (a) medium b-tag and (b) tight b-tag. The
distributions for signal (VH), which are multiplied by a factor of 50 for medium b-tag and 10 for tight b-tag respectively,
include ZH and WH production for mH = 115 GeV. The data are shown as points and the background contributions as
histograms: dibosons are labeled as “VV,” “V+l.f.” includes (W/Z)+(u, d, s, g) jets, “V+h.f.” includes (W/Z)+(b, c) jets and
“Top” includes pair and single top quark production.
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FIG. 8: The SM DT output for the VH search where mH = 115 GeV following the multijet veto for (a) medium b-tag and
(b) tight b-tag prior to the fit to data. The distributions for signal are multiplied by a factor of 100 for medium b-tag and 10
for tight b-tag, respectively, and include ZH and WH production for mH = 115 GeV. The data are shown as points and the
background contributions as histograms: dibosons are labeled as “VV,” “V+l.f.” includes (W/Z)+(u, d, s, g) jets, “V+h.f.”
includes (W/Z)+(b, c) jets and “Top” includes pair and single top quark production.
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Multivariate Methods

• Look at many variables simultaneously

• Choose well modeled, separating variables

• Neural Networks (NN) , Decision Trees (DT)

• DT arboretum: Random Forest (RF)

• Typically see > 20% sensitivity improvement w.r.t. single 
best variable

6

NN DT RF



Björn Penning, ICHEP 2012, Melbourne 6th July 2012

b-tagging

• Long life-time of  b-hadrons → displaced 
vertex

• DØ uses MVA, exploiting

- information of  displaced vertex, track 
impact and PV association probability

• Typically two orthogonal samples

- Double Tag (DT)

- Single Tag (ST) 

7

b-ID eff: 
loose: 80% (10%)
tight:  50% (0.5%)

DTST
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The observation of  (W/Z)(Z→bb), using the same 
techniques as for the Higgs searches, is validation 

of  the Higgs searches at the Tevatron

Only change: 
MVAs retrained using (W/Z)Z as signal, 

WW still background
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• lepton pair ~M(Z)

• kinematic fit

• 2,3 jets

• RF: 19 inputs

• large ET
miss

• ET
miss signific.

• ≥2 jets 

• BDT: 32 inputs

• high pT e,μ

• ET
miss

• 2,3 jets

• BDT: 14 inputs
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Diboson Channel
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Diboson lνbb Diboson llbb Diboson ννbb
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Combination

• Identical to Higgs searches 
too

• Global fit to final discriminants 
in all sub-channels 

- Theoretical uncertainties 
correlated

- Experimental uncertainties 
(un-)correlated

• Main uncertainties:
b-tagging, Jet Energy Scale 
and Resolution, heavy/light 
flavor ratio

11

EPJ Web of Conferences
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Fig. 10. In the combination of D0 searches forWZ/ZZ [11], post-
fit dijet mass distribution in the 1- and 2-tag channels combined
(top), and, after fitted background subtraction, in the 1-tag chan-
nel, 2-tag channel, and 1- and 2-tag channels combined, from row
2 to 4. The blue lines indicate the fitted background uncertainties.
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Fig. 11. In the combination of D0 searches for WZ/ZZ [11], fit-
ted WZ and ZZ production cross sections compared to the SM
expectation.

– The CDF collaboration observed WW/WZ production
in the !ν+HF channel with a 3.0 standard deviation
(s.d.) significance [4].

– In that same channel, the D0 collaboration reached a
significance of 2.2 s.d. for WZ production alone [5].

– The CDF collaboration obtained a significance of 1.9
s.d. forWZ/ZZ production in the missing ET(MET)+HF
channel, with zero or one lepton accepted [7].

The D0 collaboration recycled their searches for a low-
mass Higgs boson in data samples corresponding to inte-
grated luminosities of 7.5 to 8.4 fb−1, using WZ and ZZ as
a signal instead of WH and ZH.

– For the WZ signal in the !ν+HF final state, a signifi-
cance of 2.2 s.d. was obtained [8].

– For the ZZ signal in the !!+HF final state, the signifi-
cance is only 0.1 s.d. [9].

– For the WZ/ZZ signal in the MET+HF final state with
no identified leptons, a significance of 2.8 s.d. was ob-
tained [10].

Those three searches were combined to reach a signifi-
cance of 3.3 s.d. (2.9 expected), thereby establishing ev-
idence for diboson production in final states containing
heavy-flavor jets [11]. The production cross section was
measured to be 1.13 ± 0.36 times its standard model ex-
pectation.

These analyses have provided a direct validation of the
procedures and techniques used in the searches for a low-
mass Higgs boson at the Teavtron.
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Combination

• Combining all three channels

• Maintaining proper correlation among channels

12

σMVA(WZ+ZZ) =(1.13±0.36)×σSM

3.3σ Evidence (exp. 2.9σ)

Post fit MVA distribution Post fit M(jj) distribution

SM@NLO :
σ (WZ + ZZ) = 4.4 ± 0.3 pb

arXiv:1204.4496v1

http://arxiv.org/abs/1204.4496v1
http://arxiv.org/abs/1204.4496v1
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Summary

• Looking (W/Z)Z with Z→bb provides ultimate test 
for our Higgs searches

• Very ‘Higgs-like’ final state with comparable σ

• Using identical techniques as Higgs searches in 
validation of  procedures and techniques

• Evidence for (W/Z)Z with Z→bb production

13
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Backup

14

Backup
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Towards Today’s Measurement

• High pT muon/electron +ET
miss+2/3 jets

• b-tagging to enrich heavy flavor contributions

• Perform fit to Random Forest and Mjj distribution

• Cross section measured in NT, ST, DT channels

15
!"

"
Cross sections for WW/WZ production in l +HF final states (b-tagging) 

• High pT muon/electron + MET + 2 or 3 jets 
• b-tagging to isolate heavy flavor (HF) jets contribution  
• S/B separation: Random Forest (RF) 
• MC/data fit to the RF output and MJJ distributions 
• Cross sections measured in 0, 1, 2 b-tag channels (W , Z  part of signal) 

arXiv:1112.0536v1 [hep-ex] 

All tag bins 
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FIG. 6: Results from the simultaneous fit of σ(WZ) and σ(ZZ). The plot shows the best fit value with 68% and 95% uncertainty
ellipses and the NLO SM prediction.
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FIG. 3: Comparison of the measured WZ and ZZ signals (filled histograms) to background-subtracted data (points) in the
dijet mass distribution (summed over all channels) for the (a) ST, and (b) DT sub-channels; and (c) the sum of the ST and
DT sub-channels. Also shown is the ±1 standard deviation uncertainty on the fitted background. Events with a dijet mass
greater than 400 GeV are included in the last bin of the distribution.
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    Significance: 3.28 s.d.
Observed p-Value: 0.00052
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FIG. 4: Distribution of V Z cross sections obtained from (a) background-only pseudo-experiments and (b) signal+background
pseudo-experiments. The observed cross section from the data (vertical red line) is also shown.
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obtained from the data.


