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Diboson Production
Standard Model diboson production occurs 
primarily through t-channel quark exchange.

All diboson signals have been 
established by CDF and D0.

Remarkable agreement with SM!



Diboson Production
Standard Model diboson production occurs 
primarily through t-channel quark exchange.

All diboson signals have been 
established by CDF and D0.

Remarkable agreement with SM! All discoveries based on leptonic 
decays (Z ➝ ll and/or W ➝ lv), l = e, μ

Recently, increased datasets allow 
W ➝ jj or Z ➝ jj decays as well. 
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FIG. 1: Distribution of four lepton invariant mass in data,
expected signal, and expected background.

muon isolation, and it is 10−4(10−3) when the muon is re-1

quired to be isolated. The probabilities for jets to contain2

a muon are applied to jets in µµ+jets data to determine3

a background estimate for the 4µ channel. Systematic4

uncertainties on this background arise from the 40% un-5

certainty in measured misidentification rates, and from6

the limited statistics of the data remaining in the sam-7

ples after selection.8

Table I summarizes the expected signal and back-9

ground contributions to each subchannel, as well as the10

number of candidate events in data. The total signal11

and background expectations are 10.22±0.50 events and12

0.60 ± 0.02 events, respectively. We observe a total of13

ten candidate events in the data, three in the 4e4C sub-14

channel, four in the 4µ subchannel and three in the 2µ2e15

subchannel. Figure 1 shows the distribution of the four16

lepton invariant mass for data and for the expected signal17

and background. Figure 2 shows the distributions of the18

transverse momentum of the four leptons for data and19

for the expected signal and background.20

We extract the significance of the observed event distri-21

butions using a negative log-likelihood ratio (LLR) test-22

statistic [14]. As input, we use the expected number of23

events from signal and background, separated into the24

seven subchannels compared to the observed data events.25

The modified frequentist method returns the probability26

(p-value) of the background-only fluctuating to give the27

observed yields or higher. In 5×108 background pseudo-28

experiments, we find 0 trials with an LLR value smaller29

or equal to that observed in data. This gives a p-value of30

less than 5×10−8.31

The probability for the signal plus background hypoth-32

esis to give less signal-like observations than the observed33
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FIG. 2: Distribution of transverse momentum for leading (a),
second (b), third (c) and forth (d) leptons in data, expected
signal and expected background.

one is 0.07. A correction factor of 0.93, derived using34

pythia, is used to convert the measured cross section35

for (Z/γ∗)(Z/γ∗) into that for ZZ production. Mini-36

mizing the likelihood function we obtain a cross section37

of σ(ZZ) = 1.19+0.44
−0.36 (stat.) ± 0.14 (syst.) pb for this38

analysis, which is consistent with the standard model ex-39

pectation.40
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BSM Physics in Diboson System

D0, 4.1 fb−1

Diboson cross sections agree very well with SM prediction.
Still room for new physics at high √ŝ.

Traditional searches

WW ➝ lνlν or WZ ➝ lνll events and
search for anomalous triple gauge
couplings (TGCs).  
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D0, 4.1 fb−1

Diboson cross sections agree very well with SM prediction.
Still room for new physics at high √ŝ.

Traditional searches

WW ➝ lνlν or WZ ➝ lνll events and
search for anomalous triple gauge
couplings (TGCs).  

W

W �

Zq̄�

q Besides resonance, these 
events are quite special.

If M(W′) >> M(W) + M(Z) 
then both W and Z bosons 
will be highly boosted.

What about direct resonance searches? 
Plenty of BSM diboson resonances
(e.g. H+ , ρT , G* , Z′ , W′)



Boosted W and Z Bosons
W and Z boson decay products will become increasingly collimated as the 
boson pT increases.

Eventually the spatial distance crosses the reconstruction size ( ΔR(q, q) ≈ R )

pT (W/Z) ≈ 0

W/Z
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Boosted W and Z Bosons
W and Z boson decay products will become increasingly collimated as the 
boson pT increases.

Eventually the spatial distance crosses the reconstruction size ( ΔR(q, q) ≈ R )

pT (W/Z) ≈ 0

W/Z

pT (W/Z) ≈ M(W/Z)

W/Z

pT (W/Z) � M(W/Z)

W/Z

Overlap will occur with jets before electrons or muons due to wider 
shower (thereby reconstruction) size ( Rjet >> Relectron > Rmuon )



Boosted Jet Reconstruction

As W′ (WZ resonance) mass increases events will transition from two-jet 
events to one-jet events.

Event topology depends on resonance mass (not terribly surprising).

What do these merged jets look like?
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Jet Mass

Merged jet should show effect of W or Z boson origin.

W and Z bosons are very heavy compared to QCD scale ⇒ look at mass of all jet 
constituents.
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Merged jets have a mass that peaks at W or Z boson mass!

QCD-jets (quark or gluon initiated) have low mass (peak below 10-20 GeV).
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Merged jets have a mass that peaks at W or Z boson mass!

QCD-jets (quark or gluon initiated) have low mass (peak below 10-20 GeV).



Event Reconstruction Strategy
Two distinct final states from WW or WZ resonance

Without single jet events, 
mass reach is limited.

First, a brief overview
of the detector.

(b) WV → �ν + j

(a) WV → �ν + jj MV − 2σjj < Mjj < MV + 2σjj

MV − 2σj < Mj



The Tevatron Collider @ FNAL

proton-antiproton 
collisions @ 1.96 TeV

CDF

DØ



The DØ Detector

980 GeV
Protons

980 GeV
Antiprotons

?



The DØ Detector

Silicon Detector
Vertex measurement

and tracking close to PV
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The DØ Detector

Silicon Detector
Vertex measurement

and tracking close to PV

Fiber Tracker
Charged particle tracking

momentum + charge

EM & Hadronic 
Calorimeter

Energy 
measurement

Muon System
Drift chambers / scintillators
Muon position and tracking

Solenoid
Trackers in 
2 Telsa B

Field



Jet Reconstruction @ DØ
Quarks hadronize to form color 
singlet particles.

We observe these particles as 
energy deposits in
EM & HAD calorimeters.

DØ Run II Jet Reconstruction:
1) Sum energy within calorimeter towers
and keep if ET(tower) > 1 GeV.
(Rtower = ΔΦ x Δη = 0.1)

2) Combine tower energies in cone of
radius 0.5 and keep if ET > 6 GeV.

3) Split/merge overlapping jets.
G.C. Blazey et al., “RunII Jet Physics”, hep-ex/0005012



DØ Jet Energy Scale Correction
Jet energy scale weight corrects the raw jet energy (calo) to the particle-level.

Large source of photon+jet events
available at the Tevatron.

Balance jet energy against well measured
photon energy (EM-scale set by Z).

Uncertainty less than 5% in high jet pT events.

See Gianluca Petrilloʼs Talk for more details.
https://indico.cern.ch/sessionDisplay.py?
sessionId=7&confId=12162

https://indico.cern.ch/sessionDisplay.py?sessionId=7&confId=121626
https://indico.cern.ch/sessionDisplay.py?sessionId=7&confId=121626
https://indico.cern.ch/sessionDisplay.py?sessionId=7&confId=121626
https://indico.cern.ch/sessionDisplay.py?sessionId=7&confId=121626


Diboson Search with 5.4 fb-1

Tevatron performing very well.

DØ has recorded over 9.5 fb-1 !
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Diboson Event Selection
We select WW or WZ events with 1 leptonic W/Z decay and 1 
hadronic W/Z decay.

Electrons: EM cluster + track , pT > 20 GeV and |η| < 1.1 or 1.5 < |η| < 1.5.

Muons: Muon scintillator + wire hits + track , pT > 20 GeV and |η| < 2.0.

Jets: PT > 20 GeV and |η| < 3.0 (remove overlapping electrons).

Missing ET: Negative vector sum of calorimeter energy corrected for 
electrons, muons and jets.

Resonance

W

W
 or Z

e or μ

ν ➝ MET

jet

jet

Resonance

Z

W

e or μ

jet

jet

e or μ



Background Estimation

Event selection yields high number of W and Z boson + jets events.
W/Z+jets modeled with ALPGEN + Pythia (MLM matching)

QCD multijet production modeled with data (reverse lepton ID).
Normalized to data using matrix method (simultaneous QCD+W/Z+jets norm.)

MC used for all other backgrounds
ttbar modeled with ALPGEN + Pythia (MLM) 
scaled to ≈NNLO (http://arxiv.org/abs/0804.1476) 
assuming mtop = 172.5 GeV.

singletop (tb + tqb) modeled with CompHEP+Pythia 
scaled to ≈NLO (http://arxiv.org/abs/hep-ph/0609287) 
assuming mtop = 172.5 GeV.

WW/WZ/ZZ modeled with Pythia scaled to MCFM
prediction.  Transverse Mass [GeV] lReconstructed W
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Signal Enhancement Cuts
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Enhance signal content by selecting boosted events
Require 60(70) < M(jet1,jet2) < 105(115) GeV (if two jet events)

Require PT(jet1,jet2) > 100 GeV or PT(jet1) > 100 GeV 
(if single jet event).

Require PT(Z ➝ ll) > 100 GeV or PT(W ➝ lv) > 100 GeV.

ΔR(jet1, jet2) < 1.5 [Rad] (if two jets)

ΔR(lep1, lep2) < 1.5 [Rad] (if two leptons) or ΔΦ(lepton, MET) < 1.5 [Rad] (if one lepton)

Boosted SamplePreselection Sample

Resonance

W

W
 or Z



Boosted Jets
So far, analysis follows previous search strategy (i.e. select isolated objects 
and form combined objects like W and Z bosons).

Look for high mass jets in data

Important to check background model.

Immediate difficulty: No easy control sample available due to very limited 
statistics even with 5.4 fb-1.

Large jet mass events very
rare in W/Z+jets events.

Natural W/Z-jet sample from highly
boosted diboson or ttbar events.

Low rate at Tevatron.
Excellent calibration source for LHC.

Mass is well modeled by ALPGEN. 
Uncertainty ranges from 10-25% 
based on data/MC agreement in signal free sample (PT(Z ➝ ll) < 100 GeV)
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More Monte Carlo Modeling
Analysis requires reweighting V+jets MC

ALPGEN does not reproduce W and Z boson pT.
Jet pseudorapidity also not well modeled.

Jet multiplicity well modeled with ALPGEN
using MLM machine (not w/ Pythia alone)

Spectrum agrees for loose W and Z selection
What about W/Z + highly boosted jets?

PLHC - ME/PS Comparisons with Data - October 1, 2008 12
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Large Jet Mass Results
No statistically significant excess of data in this search.

Very mild evidence for ttbar + WW + WZ in jet mass, but not significant.

Many improvements expected for LHC-era searches with much larger 
datasets and increased ttbar production.

Substructure using CA and kT splitting scales, 

Jet mass calibration similar to JES

Larger jet sizes combined with splitting scales.
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Combined Search Results

High mass resonance searches 
need hadronic final states to 
increase sensitivity.

Leptonic final states have low BR.

Sensitive to WW/WZ
resonance increased by 20% 
(same as 40% more ∫ Ldt).

6

TABLE I: Expected event yields for the high-mass single lep-
ton and dilepton selection samples. Uncertainties are com-
bined statistical and systematic uncertainties on the back-
ground yields.

Process Single lepton sample Dilepton sample
Z+jets 3.6± 0.2 7.9± 0.8
W+jets 124.5± 20.3 < 0.01
Top 22.9± 2.5 < 0.01
Multijet 4.6± 0.3 < 0.01
Diboson 27.6± 1.4 0.8± 0.1
Background sum 183.2± 24.5 8.7± 0.8
Data 174 8
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FIG. 2: (color online) The reconstructed WW or WZ trans-
verse mass distribution for the data (points) with statistical
error bars and the estimated W+jets, tt̄, and diboson back-
grounds in the single lepton channel. The predicted SSM
W ′ distribution for M(W ′) = 600 GeV and the RS gravi-
ton distribution for M(G) = 600 GeV are shown as solid and
dashed lines, respectively.

tion and the data is 10% for jet masses below 30 GeV
and rises to 25% for masses near 60 GeV. We do not ob-
serve any event with jets having a mass greater than 60
GeV in the control region.

No statistically significant excess of the data over the
background prediction is observed. Thus, we set limits
on the production cross section multiplied by the branch-
ing ratio using a modified frequentist approach [30]. In
this method a log-likelihood ratio (LLR) test statistic [31]
is formed using the Poisson probabilities for estimated
background yields, the signal acceptance, and the ob-
served number of events for all resonant mass hypothe-
ses. Confidence levels are derived by integrating the
LLR in pseudo-experiments using both the signal plus
background hypotheses (CLs+b) as well as the back-
ground only hypothesis (CLb). In the modified frequen-
tist approach, the excluded production cross section is
computed as the cross section for which CLs, defined as
CLs+b/CLb, is equal to 0.05. Limits on the WZ reso-
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FIG. 3: (color online) The reconstructed WZ mass distri-
bution for the data (points) with statistical error bars and
the estimated Z+jets and diboson backgrounds, and the pre-
dicted SSM W ′ distribution for M(W ′) = 600 GeV in the
dilepton channel.
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FIG. 4: (color online) The excluded production cross section
for an SSM W ′ boson and the RS graviton as a function of the
W ′ boson mass or graviton mass. The excluded mass region
is the region where the SSM W ′ boson or RS graviton cross
section exceeds the excluded cross section.

nance are set using the distribution of the reconstructed
mass in dilepton events and of the reconstructed trans-
verse mass in single lepton events, using a bin size of 50
GeV. The W ′ signal acceptance and the expected back-
ground yield are parametrized accordingly. A similar
procedure is used to set limits on the RS graviton signal
using the reconstructed transverse mass in single lepton
events. We exclude an SSM W ′ boson in the mass re-
gion between 180 and 690 GeV and an RS graviton in
the mass range of 300 to 754 GeV at 95% CL. The gravi-
ton mass exclusion assumes the dimensionless coupling
parameter k/Mpl = 0.1, where k is the curvature scale
of the warped extra dimension and M pl = Mpl/

√
8π is

Result recently accepted for
publication in PRL.

Eager to test this and other jet 
reconstruction techniques with 
LHC data!

http://arxiv.org/abs/1011.6278

http://arxiv.org/abs/1011.6278
http://arxiv.org/abs/1011.6278


DØ Jet Energy Correction Inputs
Offset Correction due to pileup 
(importance increases for forward jets)

Measured in minimum bias events
(luminosity trigger) and zero bias events
(Tevatron clock trigger).

Response measured using γ+jet events.

Balance EM/γ scale (very well known)
against hadron/jet scale (less well known).
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DØ Jet Energy Correction Inputs
Offset Correction due to pileup 
(importance increases for forward jets)

Measured in minimum bias events
(luminosity trigger) and zero bias events
(Tevatron clock trigger).

Response measured using γ+jet events.

Balance EM/γ scale (very well known)
against hadron/jet scale (less well known).
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