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Goals of High Energy Physics:

• Answer fundamental questions about the universe:

• What is the origin of electroweak symmetry breaking?

• Are there hidden dimensions?

• What is dark matter?

• Why do we live in a matter-dominated universe?

• How do we answer these questions?

• Find (and study) the particles and interactions responsible

• Hadron Colliders (Electron Colliders)
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The Tevatron at Fermilab

• Highest E 
operating pp 
collider in the 
world (2 TeV)

• Largest Dataset 
Ever

• Many times 
data of top 
discovery
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Tevatron Performance

• Record Luminosity: 292.3×1030 cm-2s-1

• To Tape Efficiency: 81.6%

• Performance Continues to Improve
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pp Collisions

• Are really parton collisions

• Probe higher energy per $ than e+e-

• Only a (random) fraction of proton’s 
energy is involved

• CM is not known

• Simultaneous probe of many 
energies

• Contribution from gluon interactions 
can be significant
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What is produced in a pp collision?

• Light Quark Jets

• b-Quark Jets

• Gauge Bosons W,Z

• Top quark pairs

• Single top quark

• Di-Boson WW, WZ, ZZ

• Boson + Higgs ZH,WH

• Higgs

• SUSY, Technicolor, 
Leptoquarks, Z’,W’, 
excited quarks & 
leptons...
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Leptons as Probes of New Physics
• Many new physics scenarios involve weak interactions → leptons!

• New particles themselves also can couple to leptons (G, W’,Z’)
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Interaction Type Spin Mass Coupled Fermions

Strong 8 gluons 1 0 q,q̄
Electromagnetic 1 photon 1 0 q,q̄,l+,l−

Weak W+, W−, Z0 1 82, 91 q,q̄,l+,l−, νl, n̄ul

Gravity 1 graviton 2 0 All matter
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Signal and Background RatesSignal and Background Rates

    WH(H !bb)                         
!xBR=104 fb@mH=120

             

W+qq=2nb  
W+bb=40 pb   
  

ttbar =6.8 pb Single t=3 pbWW=13 pb     
WZ=4 pb   
ZZ=1.5 pb

      ZH(H !bb)                 
!xBR=63fb@mH=120

Kevin BurkettMarch 10, 2006

Search for LED - Graviton Exchange
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Three terms in cross-section: SM, interference, graviton:
!TOT = !SM + "!INT + "2!GRV  ("=F/MS4)

GRW 1

HLZ (n=2) log(MS
2/M) 

HLZ (n>2) 2/(n-2)

Hewett 2#/!

Conventions for F
D0 Analysis Strategy:

Use di-EM objects (ee+$$)

2D Fit to M and cos%*

Set Limits on " and convert to limits 
on model

Introduction

• We search some Technicolor channel (pp̄ → ρ±
T
→ W±π0

T
) with W± → e(µ)ν and

π0
T
→ bb̄

Technicolor signal

– Search region :

ρ±
T
180-210 GeV, π0

T
95-125 GeV

– † σ(ρ±
T
→ Wπ0

T
) × BR(π0

T
→ bb̄) :

about 1 ∼ 3 pb
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±
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0
T"

b
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• Analysis history
– Oct 5 full status report at Exotic meeting

– Oct 12 prebless at Exotic meeting

• Documentation
– latest cdf note 8535 v2 : Oct 23 posted

Tatsuya Masubuchi Exotic meeting, 10/26/2006 Page 1/45



Extra Dimensions 
• Provide a solution to the hierarchy problem

• Arkani-Hamed, Dimopoulos, Dvali (ADD)

• n compact extra dimensions; MPl2~RnMD2+n

• Standard model confined to a 4-dimensional brane

• Only gravity lives in full 4+n dimensional bulk

• Randall-Sundrum I (RS)

• Warped extra dimension(s), exponential warp factor 
solves hierarchy problem

• Two branes, TeV and Planck. Gravitons live 
everywhere, SM localized at TeV brane.

• Signature: High-Mass Graviton Resonances

• pp → Gn, mn ~ xn k/MPl

• Decays to qq, ll, γγ, WW, ZZ

6/1/06 5

CDF Gravity in Large Extra Dimensions

6/1/06 4

CDF Large Extra Dimensions

• LED proposed in the late 90’s as a

new solution to the hierarchy

problem

– n extra spatial dimensions where only

gravity can propagate

– Extra dimensions are compactified at

radius R

– Weakness of gravity due to being

diluted by volume of extra dimensions

• Effects observable at colliders

• We focus on the ADD model

Kevin BurkettMarch 10, 2006

Monojet Search for LED (ADD)
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Single high ET jet+MET

ET>150 GeV, MET>120 GeV

SM Backgrounds:

Z!!!+jets (irreducible)

W!l!+jets, QCD Dijets

Results:

265±30 events predicted

130±14 Z!!! 

113±13 W"l!

263 events observed

Direct Graviton Emission

Kevin BurkettMarch 10, 2006

Search for LED - Graviton Exchange
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Search for New Massive Particle X→ZZ→eeee

• Signature-Based Search for heavy particle X → ZZ → eeee

• Sensitive to production of any massive particle decaying to ZZ

• First search for this at Tevatron!

• For a Randall-Sundrum graviton model (RS1):

• Predicts graviton masses at ~TeV scale

• σ(pp→G→ZZ) ~290 fb for mG = 500 GeV, k/MPl = 0.1

• Backgrounds

• Standard model ZZ production

• Mis-identified e’s can be understood data sidebands

• Expect 0.33 events /fb-1 per G→ZZ→llll (mG = 500 GeV, k/MPl = 0.1)

➡Total 11 events produced in 8 fb-1 in all lepton modes
10

David Stuart, CDF Overview, DOE site visit, 1/08

 Current Activities

• Silicon

• Tracking

• Top physics

• Searches
• X ! ZZ

Includes aggressive acceptance improvements

and data-based background predictions.

See Brau & Boveia’s talks



Analysis Steps

• Know the detector

• Study simulated signal

• Trigger on electrons

• Study data

• Efficiently identify energetic electrons in collision events

• Form Z candidates from pairs of e’s

• In events with two or more Z candidates, find best pairings to form two Z’s

• Estimate backgrounds

• Look in signal region

• Discovery / Limits

11



Collider Detector at Fermilab (CDF)

• Silicon Vertexer / Tracker

• Central Outer Tracker (COT)

• Electromagnetic Calorimeter

• Hadronic Calorimeter

• Muon Detectors

12



Signal Characteristics

• Signature: Two high-pT Z bosons

• Four electrons (can be at both very high pT and very low pT): must be very 
efficient to find all four

• Three invariant masses (two mee, one meeee) provide powerful handles to reject 
backgrounds
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Event : 52  Run : 151435  EventType : MC | Unpresc: unknown Presc: unknown

Missing Et
Et=15.7 phi=3.5
Jet Collection:
JetCluModule

Particles: first 5
pdg    pt    phi   eta
 11   112.2  0.4 -0.6
 11    88.2  2.9  1.2
 11    56.6  3.9  1.2
 11    34.8  5.8  0.0
 22     3.6  6.0 -3.3

Jets(R = 0.7): first 5
Em/Tot  et    phi   eta
 1.0   121.8  0.4 -0.6
 1.0   108.3  2.8  1.3
 1.0    76.3  3.9  1.3
 1.0    70.5  5.8  0.1

Et = 117.61 GeV

Event : 52  Run : 151435  EventType : MC | Unpresc: unknown Presc: unknown

Missing Et
Et=15.7 phi=3.5

List of Tracks
Id    pt    phi   eta

Cdf Tracks: first 5
 57   112.2  0.4 -0.6
 58   -88.2  2.9  1.2
 59    56.6 -2.4  1.2
 60   -34.8 -0.5  0.0
 65    -0.9 -2.5  0.1

To select track type
SelectCdfTrack(Id)

Particles: first 5
pdg    pt    phi  et
 11   112.2  0.4 -0.
 11    88.2  2.9  1.
 11    56.6  3.9  1.
 11    34.8  5.8  0.
 22     3.6  6.0 -3.
To list all particle
ListCdfParticles()

Jets(R = 0.7): first
Em/Tot  et    phi  e
 1.0   121.8  0.4 -0
 1.0   108.3  2.8  1
 1.0    76.3  3.9  1
 1.0    70.5  5.8  0
To list all jets
ListCdfJets()

Simulation
Simulation

e
e

e

e

e

e
e

e
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Electron momentum: high pT Zs have both 
high and low ET e’s

Simulated G→ZZ→eeee
mG=500 GeV

14
ET  = E sinθ
pT  = p sinθ

G
Z
Z

e
e

e
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Baseline Electron Identification at CDF

• Very Low Backgrounds.  

• Good for W, Z, ttbar

• Inefficient for multilepton events 15



Single electron efficiency
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Electron ID Efficiency and Acceptance

• Four Electrons:

• Yield looses like (A×ε)4

• Ten identification criteria, each 
97% efficient:

• Single electron: 73%

• Four electrons: 30%

• Acceptance has similar effect

• Calorimeter Coverage: 
missing ~18% of solid angle 
from gaps in Central 
Calorimeter

• ZZ Signal MC: 15% total
16



Electromagnetic Calorimeter
Wire Chamber (~6 X0)

Hadronic
Calorimeter

Electron Identification at CDF
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CDF’s Calorimeters

• Electrons and photons interact mainly with 
EM field of nucleus

• Bremsstrahlung, Compton scattering, 
pair-production, photoelectric effect

• Relevant scale is radiation length, X0

• Hadrons interact mainly with nuclei

• Relevant scale is nuclear interaction 
length, λ

• Electromagnetic Calorimeter ~fully contains 
EM shower

• Hadronic Calorimeter measures penetrating 
hadronic shower

Electromagnetic Calorimeter

Hadronic
Calorimeter

Wire Chamber (~6 X0)

Calorimeter EM Depth HAD Depth X0/λ
EM (Pb/Scintillator) 18 X0 0.6λ 30.5
HAD (Fe/Scintillator) 46.4 X0 5.2 λ 8.9

e
−

π
−

EM Shower

Hadronic Shower



CDF Central Calorimeter

• Wedge geometry 

• Has gaps between wedges

• Each of four arches on rollers

19

Structure (Mechanics)
Central wedges stacked in 4 arches, Bolted at back,pebbles in front.

Wall is part of yoke

Lead keyed on end, aluminum clad, box spring compression 4psi

Empty arch staged at ANL
Slots for WHA in the magnet yoke

And Speaking of the Crack

• Wedge skins are structural, holds

the lead squeeze

• CEM WLS at edge

• Had trees too

• “No high response tail!”

– UVA in the plastic

– U->W bars 35x38 mm 12 X0

• 7% of phi!

• Blown electrons important for

searches - functional CCR would

be nice - coming!

• Fibers & non structural skin are an

improvement

~200 Tons

On rollers



Central Calorimeter Coverage

• Electrons are required to be 
Fiducial

• Ensures E well-measured

• Gaps in coverage:

• Chimney

• 18cm between arches at z=0

• Each wedge loses 2/15 in φ
• Total: 18% of acceptance for |ƞ| 

< 1 missing
20
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e
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Fig. 1 

φ

Displaced Calorimeter Arches

• ΔzCES, ΔxCES·q used to identify electrons

• Position resolution ~few mm

• Found two of the central calorimeter arches weren’t 
quite put back after a shutdown 21

e
−

before Oct ’03 shutdown

after Oct ’03 shutdown

B. Brau

B. Brau

φ



Optimized Electron Selection

• One Central “Seed” Electron 
(satisfying trigger requirements):

• High-momentum track pointing 
at calorimeter

• Fiducial (energy well-measured)

• Isolated from other energy 
deposits

• ET > 20 GeV

• EHAD/EEM consistent with an 
Electromagnetic Shower

• Shower profile consistent with a 
Electromagnetic Shower

• Central and Forward Optimized 
electrons:

• Medium-momentum track 
pointing at Central calorimeter

• Fiducial (energy well-measured)

• Isolated from other energy 
deposits

• ET > 5

• EHAD/EEM consistent with an 
Electromagnetic Shower

• Pseudorapidity < 2.5

• Isolated track electrons:

• Well-measured high-momentum 
isolated track pointing at gaps in 
calorimeter coverage



Z→ee Yields

• Approximately 100,000 Z candidates in 1.1 fb-1

• Approximately 10,000 Z candidates from CEM + isolated track 
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Figure 1: Distribution of mee for Z0 candidates formed from a “seed” electron candidate
together with a second electron candidate in data (a), and the subset of Z0 candidates
formed from a “seed” electron candidate and an isolated track (b).

We recover acceptance with isolated tracks which project to the gaps between in-111

strumented regions of the calorimeter. A track is defined to be isolated in the tracking112

chamber if the transverse momentum of the track is more than 90% of the total trans-113

verse momentum of all tracks within a cone ∆R ≤ 0.4 around the candidate track. We114

require track electron candidates be consistent with originating from prompt decays115

by requiring that they pass within 0.2mm (2mm) of the axial beam position for tracks116

with (without) position measurements in the silicon vertex tracker.117

To reconstruct Z0 candidates, we form all unique combinations of pairs of electrons118

in the event. To avoid rejecting events where the charge of one electron is misidentified,119

we do not impose an opposite charge requirement on the pair. We ensure that all120

electron candidates are isolated from each other by requiring a separation of 0.2 in121

∆R between any two electron candidates in the combination. If both candidates in a122

pair have associated tracks, we ensure they are consistent with originating from the123

same parent by requiring their z0 measurements to lie within 5 cm of each other. The124

invariant mass distributions for events containing Z0 candidates formed from a “seed”125

electron candidate together with just one other electron candidate and the subset where126

an isolated track is used as the second electron candidate are shown in Fig. 1.127

6

Seed + TrackAll
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X→ZZ→eeee Signal Reconstruction: meeee, χ2

• Look for events with ≥ 4 electrons

• For each ZZ combination, compute

• σ ~2.5-4.5 GeV, depends on electron types, 

ET 

• Keep one combination with smallest χ2 

value

• Require χ2 < 50 (ε~93% in signal MC).

• Hidden signal region: 

meeee > 500 GeV, χ2 < 50

χ
2

=

∑

(

mee − mZ0

σ

)2

GZ
Z

e
e

e
e
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RS1 Signal MC

• Requiring χ2 < 50 is efficient for ZZ signal

• Acceptance times efficiency ~50-60%, depending on mass
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Figure 2: Distribution of χ2 for simulated Randall-Sundrum signal scenario (mG =
500 GeV/c2) (top). Four-electron invariant mass distribution for events satisfying χ2 <
50 (gray) and for events which fail this requirement (black) (bottom).

Z0 bosons followed by decay into four electrons. We use a leading-order calculation151

implemented in herwig to estimate acceptance times efficiency for the model. For a152

RS1 graviton with mass MG = 500 GeV/c2 and ratio of warp factor to Planck mass,153

k/MPl = 0.1, Fig. 2 shows the distribution of reconstructed χ2 and meeee, the invariant154

mass of the Z0Z0 combination with the lowest χ2 computed from the four-momenta155

of the two Z0 candidates. As expected for events containing two real Z0 bosons, the156

χ2 distribution peaks near zero, and the total invariant mass of selected combinations157

is centered on the generated graviton mass (500 GeV/c2). Events which contain mis-158

measured electrons contribute to the population with large χ2 values. The width159

of the meeee distribution, ∼ 15 GeV/c2, is dominated by the detector resolutions of160

the constituent electron candidates. We find the geometric and kinematic acceptance161

times efficiency for this model to be 65%. Of the events reconstructed, 93% yield a162

four electron combination with χ2 < 50.163

The total acceptance versus meeee is shown in Fig. 3. At very high graviton mass,164

the momentum of the daughter Z0s becomes significant, which can cause the electrons165

to have a small opening angle and fail the isolation requirement.166
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Graviton Yield in Simulated Events

• Optimized selection has approximately four times acceptance 
times efficiency than standard selection for this four-electron 
signature

meeee meeee

Optimized
ε = 60%

Baseline:
ε = 15%
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G→ZZ→eeee Backgrounds

• Tiny, but must quantify to establish significance of signal or set limits

• Four real electrons

• Standard model ZZ production

• Pythia MC prediction: 0.008 ± 0.006 events in search window (χ2 < 50, 
meeee > 500 GeV)

• Events where one or more hadrons (from jets) is misidentified as an electron

• Z + jets, W + jets

• QCD multijet

➡ Estimate with data

27



Standard model ZZ background

• Standard model ZZ production 
has four electrons

• Is non-resonant

• Use Pythia MC:

• Expect 0.008 standard model 
ZZ events total for meeee > 500 
GeV in 1.1/fb

28
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Misidentified Electrons: Control Samples

• Use control samples in data to estimate shape and normalization of 
backgrounds from hadrons misidentified electrons and conversions

• Select ‘hadron’ candidates by inverting & dropping electron selection criteria

• Form ‘fake’ ZZ combinations by using one or more hadron candidates with 
electron candidates in the event

8
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FIG. 3: Acceptance for Randall-Sundrum graviton
decaying to Z0Z0 versus its mass.

structed, 93% yield a four electron combination
with χ2 < 50.

The total acceptance versus meeee is shown in
Fig. 3. At very high graviton mass, the mo-
mentum of the daughter Z0s becomes significant,
which can cause the electrons to have a small
opening angle and fail the isolation requirement.

IV. BACKGROUND ESTIMATION

In studies using Monte Carlo simulation to es-
timate the main sources of backgrounds, we find
that the dominant background consists of events
in which one or more hadrons satisfy the electron
ID requirements in the four electron combination.

We use control samples in the data to obtain
the shape and normalization of this background
in the signal region. Background-dominated
(hadron-enriched) control samples are selected
from the data. We form hadron candidates, h,
from calorimeter clusters in a manner identical
to the central and forward electron candidates,
with two exceptions. The hadron candidate must
fail the relevant EHAD/EEM criterion, and to
increase the size of the control samples, we do
not impose any isolation requirements. In Fig. 4
we show the invariant mass of all pairings of one
seed electron candidate with one hadron candi-
date. The absence of a significant peak at the Z0

mass indicates that contamination from electrons
in the hadron candidates is small.1

1 The presence of a small amount of electron contami-
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FIG. 4: Invariant mass distribution of one cen-
tral electron satisfying trigger requirements and one
hadronic candidate in data.

We obtain five control samples, namely
the four-electron sample which has meeee <
400 GeV/c2 introduced above, and additional
control samples having one, two, three, or four
hadron candidates by repeating the Z0Z0 selec-
tion procedure, forming combinations using one
or more hadron candidates with electron candi-
dates and retaining the minimum χ2 combination
for each event. The distributions of the minimum
χ2 versus meeee for samples with different num-
bers of hadron candidates are shown in Fig. 5.
For reconstructed masses smaller than twice the
Z0 mass, there is a correlation between χ2 and
mass caused by a kinematic threshold effect. At
higher masses, the two variables are much less
correlated.

The single probability density function,

f(χ2,meeee) = Cmγ
eeeee

χ2τ , (2)

where C is a normalization constant, provides an
empirical description of the χ2 vs. meeee dis-
tributions for each of the four hadron-enriched
control samples. We obtain the parameters γ =
−4.57 ± 0.06 and τ = −0.00319 ± 0.00007 from
a two-dimensional unbinned maximum likelihood
fit to the low-mass four-electron control region
and the hadron-enriched control samples simul-
taneously, using events with invariant mass above

nation in the hadron candidate sample has a negligible
effect on the estimate of the background at high mass,
and is included in the systematic uncertainty we assign
to the background estimation method.

• Invariant mass of of one 
seed and one hadron shows 
no Z peak: few real 
electrons in the hadron 
control sample.

• Fit fake ZZ combinations 
(eeeh, eehh, ehhh, hhhh) 
invariant mass to extract 
shape.

No Z’s
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Fit to Obtain Background Shape

• Fit to obtain empirical 
description of 
background at high 
meeee

• Shape is independent 
of number of hadrons 
used in combination.

• Normalization fixed by 
low-mass four-electron 
sample

• Estimate 
0.020±0.009±0.007 
events in search 
region above 500 GeV
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Figure 4: Invariant mass distribution of one central electron satisfying trigger require-
ments and one hadronic candidate in data in the region of the nominal Z0 pole.

tions using one or more hadron candidates with electron candidates and retaining the183

minimum χ2 combination for each event. The distributions of the minimum χ2 versus184

meeee for samples with different numbers of hadron candidates are shown in Fig. 5. For185

reconstructed masses smaller than twice the Z0 mass, there is a correlation between χ2
186

and mass caused by a kinematic threshold effect. At higher masses, the two variables187

are much less correlated.188

The single probability density function,189

f(χ2, meeee) = Cmγ
eeeee

χ2τ , (2)

where C is a normalization constant, provides an empirical description of the χ2 vs.190

meeee distributions for each of the four hadron-enriched control samples. We obtain191

the parameters γ = −4.57± 0.06 and τ = −0.00319± 0.00007 from a two-dimensional192

unbinned maximum likelihood fit to the low-mass four-electron control region and193

the hadron-enriched control samples simultaneously, using events with invariant mass194

above 185 GeV/c2 (∼ 2×mZ0 .) The control samples containing mostly hadron candi-195

dates dominate the fit. Fig. 6 shows the projection of the fit result in the invariant mass196

dimension along with the data for each hadron-enriched sample. The low-mass control197
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FIG. 6: Projections of fit to invariant mass in control samples of varying number of electron and hadronic
candidates with same ordering as in Fig. 5. Data are shown with the fit projection overlaid.

bosons and possibly four electrons in the final
state. While we use data to estimate the total
background from misidentified electrons in the
search region, we have studied the background
from this source at high mass with simulated
events. We determine geometric and kinematic
acceptance using Monte Carlo events generated
by pythia [22], followed by a geant-based sim-
ulation of the CDF II detector. The expected
number of events from this background compo-
nent is determined as the product of the cross
section, the luminosity of the sample, and the
acceptance of the detector. We estimate a total
of 0.54± 0.04 events in the four-electron sample.
In the invariant mass region above 500 GeV/c2,
we expect 0.008± 0.006 events. We estimate the
total background from production of standard
model Z0Z0 events and events in which hadrons
are misidentified as electrons is 0.028 ± 0.009
(stat) ± 0.011 (syst) events.

V. OTHER SYSTEMATIC
UNCERTAINTIES

When setting the cross-section limit, we have
considered other systematic uncertainties from
several sources. The dominant source of these
uncertainties is from the measured luminosity
(5.9%) [23]. Other sources include parton dis-
tribution function uncertainties (0.4%), signal
Monte Carlo statistics (1.3%), initial state radia-
tion(1.0%), and the difference between electron
identification efficiency in data and simulation
(1.0% per electron). The total systematic un-
certainty from all these sources is 7.3%.

VI. RESULTS

The distribution of data events surviving all
requirements is shown in Fig. 7. We observe no
events in the high-mass signal region. There is
one event in the low-mass region with very small

30



Data in the Search Region

• Total Background events 
expected in search region:

0.028 ± 0.009 ± 0.011 

• Observe none

• One event consistent with 
SM ZZ production 
(χ2=0.29)

• Second lowest event has 
χ2=12

• Passes very loose cut

• Looks like background 
upon inspection

• Set limits

)2 (GeV/ceeeem
0 200 400 600 800 1000

2 χ

0

200

400

600

800

1000

31

SM ZZ?



Et =  48.90 GeV

Event : 1167222  Run : 147806  EventType : DATA | Unpresc: 0,32,33,34,3,35,36,8,41,10,11,12,44,13,15,16,17,19,20,21,2

Missing Et
Et=13.5 phi=6.0

List of Tracks
Id    pt    phi   eta

Cdf Tracks: first 5
438   -39.6  2.0 -0.2
495    30.6  0.9  1.5
480   -23.9 -2.6  0.8
496    21.9 -1.2  1.5
500     3.4 -0.8  1.1

To select track type
SelectCdfTrack(Id)

Svt Tracks: first 5
  1   -45.2  2.0
  3   -20.1  3.6
  4     2.4  4.2
  2     1.8  2.3
  5     1.6  5.7

To select track type
SelectSvtTrack(Id)

Particles: first 5
pdg    pt    phi  et
 11    39.6  2.0 -0.
 11    30.6  0.9  1.
 11    23.9  3.6  0.
 11    21.9  5.1  1.
 22     3.7  5.9 -1.
To list all particle
ListCdfParticles()

Jets(R = 0.7): first
Em/Tot  et    phi  e
 1.0    51.1  3.6  0
 1.0    48.8  0.9  1
 1.0    47.7  1.9 -0
 0.9    34.3  5.1  1
 0.6    12.5  4.2  0
To list all jets
ListCdfJets()

Event Displays

32

• Two Central e’s

• Two Forward e’s

• Have calorimeter-
seeded silicon tracks 
(Phoenix)

• Charge assignment for 
best pairing is consistent

• Lots of low-pT activity

• July 6, 2002



Towers> 1 GeV ET

Has segment-seeded
Track

24

43
43

44

92

91

meeee=190 GeV/c2



Limits on σ × BF(G→ZZ)

• Limits set in context of RS1 Graviton 
scenario

• Bayesian binned maximum likelihood 
method in 100 GeV wide windows

• Systematics included in limit 
calculation:

• Luminosity (5.9%)

• PDF Uncertainties (0.4%)

• MC Statistics (1.3%)

• ISR (1.0%)

• Electron ID (1.0% per electron)

• Limits 4-6 pb, depending on mass.
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FIG. 3: Acceptance for Randall-Sundrum graviton
decaying to Z0Z0 versus its mass.

structed, 93% yield a four electron combination
with χ2 < 50.

The total acceptance versus meeee is shown in
Fig. 3. At very high graviton mass, the mo-
mentum of the daughter Z0s becomes significant,
which can cause the electrons to have a small
opening angle and fail the isolation requirement.

IV. BACKGROUND ESTIMATION

In studies using Monte Carlo simulation to es-
timate the main sources of backgrounds, we find
that the dominant background consists of events
in which one or more hadrons satisfy the electron
ID requirements in the four electron combination.

We use control samples in the data to obtain
the shape and normalization of this background
in the signal region. Background-dominated
(hadron-enriched) control samples are selected
from the data. We form hadron candidates, h,
from calorimeter clusters in a manner identical
to the central and forward electron candidates,
with two exceptions. The hadron candidate must
fail the relevant EHAD/EEM criterion, and to
increase the size of the control samples, we do
not impose any isolation requirements. In Fig. 4
we show the invariant mass of all pairings of one
seed electron candidate with one hadron candi-
date. The absence of a significant peak at the Z0

mass indicates that contamination from electrons
in the hadron candidates is small.1

1 The presence of a small amount of electron contami-
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FIG. 4: Invariant mass distribution of one cen-
tral electron satisfying trigger requirements and one
hadronic candidate in data.

We obtain five control samples, namely
the four-electron sample which has meeee <
400 GeV/c2 introduced above, and additional
control samples having one, two, three, or four
hadron candidates by repeating the Z0Z0 selec-
tion procedure, forming combinations using one
or more hadron candidates with electron candi-
dates and retaining the minimum χ2 combination
for each event. The distributions of the minimum
χ2 versus meeee for samples with different num-
bers of hadron candidates are shown in Fig. 5.
For reconstructed masses smaller than twice the
Z0 mass, there is a correlation between χ2 and
mass caused by a kinematic threshold effect. At
higher masses, the two variables are much less
correlated.

The single probability density function,

f(χ2,meeee) = Cmγ
eeeee

χ2τ , (2)

where C is a normalization constant, provides an
empirical description of the χ2 vs. meeee dis-
tributions for each of the four hadron-enriched
control samples. We obtain the parameters γ =
−4.57 ± 0.06 and τ = −0.00319 ± 0.00007 from
a two-dimensional unbinned maximum likelihood
fit to the low-mass four-electron control region
and the hadron-enriched control samples simul-
taneously, using events with invariant mass above

nation in the hadron candidate sample has a negligible
effect on the estimate of the background at high mass,
and is included in the systematic uncertainty we assign
to the background estimation method.



Observation of WZ produciton at CDF

• Other analyses at CDF have employed these techniques to 
increase lepton acceptance

• Standard model WZ production was observed with 1.1 fb-1 with 
electrons and muons

• Literary member of WZ publicatioin review committee

• Phys. Rev. Lett. 98, 161801 (2007)
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What about Muons?

• Expect 0.33 events /fb-1 per G→ZZ→llll 
(mG = 500 GeV, k/MPl = 0.1)

• Add muons: factor of 4 in acceptance 
(eeee, eeμμ, μμee, μμμμ)  
• Not quite: 

• Baseline muon selection has worse 
acceptance than Baseline electron 
selection:
Increase Muon Coverage

• Different Background Estimate
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Adding Muons

• Momentum measured with track

• Identified as a muon in muon detectors (stub) or calorimeter (MIP)

• Resolution becomes important

• Tracking at CDF is efficient and pure for |ƞ| < 1

• Forward tracking |ƞ| > 1 is difficult

• I have worked with a student on a new algorithm to increase pure and 
efficient tracking coverage to |ƞ| ~2
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CDF Tracking Algorithms

• Outside-In

• Efficient when track 
propagates through 
entire COT

• Add Silicon

• Silicon Stand-alone

• Can find forward tracks

• Lower purity, efficiency

• Inside-out

• Calorimeter-seeded 
(electrons only)
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Segment Seeded Tracking

• Can we start with hits in 
the COT instead of 
electron measured in 
calorimeter?
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New Segment-seeded Tracking

• Segment and primary 
vertex used to form road 
to search in silicon for hits

• Efficient to |ƞ| ~2

• Implemented in final 
version of CDF offline 
software

• Major rewrite of other 
algorithms

• Many other 
improvements
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Drift Chambers

• Measure momenta of charged particles by measuring 
trajectories in uniform magnetic field

• Principle: position measurements of ionization in gas

• Sense wire at large potential (~radial E field)

• Electrons drift ~1 cm at a constant velocity

• Typical drift velocity: 50 μm/ns

• Know v: drift time measurement is a position measurement

• Many measurements provide trajectory
41

April 22nd, 2004 Nigel Lockyer / Young-Kee Kim 2

E-field,   Drift-Time Relation

• A charged particle enters gas in E-field,

Ionizes gas, produces e--ion pairs

– ~300 µm / pair

– Ionization E ~30 eV / pair

• Primary ionization electrons drift toward

anode (sense) wire (low E field region)

• Avalanche multiplication of charges by

electron-atom collision in high E field

region - within a few radii of the wire.

E

r !+

e- - ion pairs

t

Q
drift time

• Signal induced via motion of charges.

• Measure “drift time”, "tdrift, (first arrival

time) of electrons at sense wire relative to

a time t0 (e.g. collision time)

• Locate the position of “first” electrons

– D = !t0
t0 + "t v(t) dt

– D = v "tdrift if the drift velocity is

independent of E field.

gas

anode (sense)

cathode

avalanche

April 22nd, 2004 Nigel Lockyer / Young-Kee Kim 1

Drift Chambers

AMY experiment at e+e- TRISTAN collider                                          CDF experiment

B = 3 T                 B = 1.4 T

April 22nd, 2004 Nigel Lockyer / Young-Kee Kim 3

Left-Right Ambiguity,   B field

• Left-right ambiguity

• solved by staggering

• Apply Magnetic field to measure

momentum

– Measure curvature, C = 1 / R

– P = 0.3 RB

B out of page



Drift Chamber Timing Corrections

• Segment-Seeded tracking requires accurate position measurements: 
accurate timing measurements

• Forward segments have different time corrections

• Segments need corrections to provide a useful seed for adding silicon hits

42
A. BoveiaCDF Collaboration Meeting

Details

12

readout

L
2 L

r

r ! !1+!2"

Forward hits have a di!erent drift time correction.

Pulse transmission time

time of "ight

A. BoveiaCDF Collaboration Meeting

Details

15

When !nding COT segments, 
the track time of "ight and 
pulse transmission time are 

unknown.

Segment !nding assumes 
central values.

These central corrections can 
be wrong by up to #10 ns for 
forward tracks, splitting the 
segment in two pieces #1 mm 

apart.

A. BoveiaCDF Collaboration Meeting

Details

14

When !nding COT segments, 
the track time of "ight and 
pulse transmission time are 

unknown.

Segment !nding assumes 
central values.wire



New Segment-seeded Tracking

• Start with unused hits in COT

• Correct timing

• Form segment

• Fit for a search trajectory

• Search for hits in silicon

• Refit track

• Implement to extend muon 
coverage to |ƞ| ~2 in analysis

43
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CDF Exotics Group

• CDF “Very Exotic Physics” Subgroup Convener June 2006 - July 2007

• CDF “Exotics” Group Convener July 2007 - December 2008

• Sent Six New Results (since Winter Conferences) to Lepton Photon 2007

44



CDF Exotics Group 

• 12 Analysis + 1 Detector Abstracts Submitted to 
APS

• SUSY Trilepton result 2/fb (First mSUGRA Limit!)

• Exclusive gamma+MET 2/fb

• 20 Analyses in the pipeline 

• Anticipate ~10 new results for Winter 
Conferences

• Now is a great time to be searching at CDF

45



Outlook 

• Significantly improved lepton acceptance

• Cross sections for NP scenarios is small

• Search for X→ZZ→eeee: Efficiency to fourth power

• Improved A*ε from 15% to ~60%

• Robust data-based method for background estimation

• Submitted to PRD: arXiv:0801.1129 [hep-ex]

• Methods are being adopted by other analyses

• Exotics Convener

• Now is a great time to be searching at CDF

• Squeeze results out of Tevatron with large datasets

46



Outlook

• LHC will be a different game

• Quickly understand the detector and data

• Misalignments, ‘features’ in the data and code, etc.

• Robust methods 

• Look broadly

• Model-independent

➡Leptons and bosons which we can understand quickly

47



BACKUP SLIDES
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Other Projects and Activities

• L00 d0 Resolution studies

• Silicon Pager Carrier 

• Silicon monitoring WG leader

• Program of silicon longevitiy studies

• Monitoring tools (offline efficiencies)

• Silicon resolution function measured in data

• L00 efficiency improvements

• L00/ISL Cooling impact 

• tracking

• b-tagging

• VEP Convener

• CDF Exotics Convener

49



CDF
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CDF
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θ

Pseudorapidity

• In hadron collisions, particle production is 
constant (to some approximation) as a 
function of pseudorapidity

• |ƞ| < 1.0 is “Central”, |ƞ| > 1.0 is “Forward”

• New physics often is enhanced in the 
central region

52
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Optimized Electron Selection
• Much looser selection; more background.  Will reject later with ZZ→eeee 

event kinematics

• Simplify! Not required: ΔzCES, ΔxCES·q, E/p, CES strip χ2, PES5x9U/V, ΔR, 
PEM 3x3 χ2...

• One Central “Seed” Electron (satisfying trigger requirements):

• Fiducial, ET > 20 GeV, EHAD/EEM < 0.055 + 0.00045*E, pT > 10 GeV, |track z0| 
< 60,  LshrTrk < 0.4, Isolation < 0.2

• Central electrons:

• Fiducial, ET > 5, |track z0| < 60, EHAD/EEM < 0.055 + 0.00045*E/GeV, 
Isolation < 0.2 

• Plug electrons:

• ET > 5, EHAD/EEM < 0.05, Isol < 0.2, 1.1 < |ηDET| < 2.5

• Isolated track electrons:

• Pointing at calorimeter gaps, |z0| < 60, 3 Axial, 2 Stereo, pT > 10 GeV
53



Acceptance
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FIG. 3: Acceptance for Randall-Sundrum graviton
decaying to Z0Z0 versus its mass.

structed, 93% yield a four electron combination
with χ2 < 50.

The total acceptance versus meeee is shown in
Fig. 3. At very high graviton mass, the mo-
mentum of the daughter Z0s becomes significant,
which can cause the electrons to have a small
opening angle and fail the isolation requirement.

IV. BACKGROUND ESTIMATION

In studies using Monte Carlo simulation to es-
timate the main sources of backgrounds, we find
that the dominant background consists of events
in which one or more hadrons satisfy the electron
ID requirements in the four electron combination.

We use control samples in the data to obtain
the shape and normalization of this background
in the signal region. Background-dominated
(hadron-enriched) control samples are selected
from the data. We form hadron candidates, h,
from calorimeter clusters in a manner identical
to the central and forward electron candidates,
with two exceptions. The hadron candidate must
fail the relevant EHAD/EEM criterion, and to
increase the size of the control samples, we do
not impose any isolation requirements. In Fig. 4
we show the invariant mass of all pairings of one
seed electron candidate with one hadron candi-
date. The absence of a significant peak at the Z0

mass indicates that contamination from electrons
in the hadron candidates is small.1

1 The presence of a small amount of electron contami-
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FIG. 4: Invariant mass distribution of one cen-
tral electron satisfying trigger requirements and one
hadronic candidate in data.

We obtain five control samples, namely
the four-electron sample which has meeee <
400 GeV/c2 introduced above, and additional
control samples having one, two, three, or four
hadron candidates by repeating the Z0Z0 selec-
tion procedure, forming combinations using one
or more hadron candidates with electron candi-
dates and retaining the minimum χ2 combination
for each event. The distributions of the minimum
χ2 versus meeee for samples with different num-
bers of hadron candidates are shown in Fig. 5.
For reconstructed masses smaller than twice the
Z0 mass, there is a correlation between χ2 and
mass caused by a kinematic threshold effect. At
higher masses, the two variables are much less
correlated.

The single probability density function,

f(χ2,meeee) = Cmγ
eeeee

χ2τ , (2)

where C is a normalization constant, provides an
empirical description of the χ2 vs. meeee dis-
tributions for each of the four hadron-enriched
control samples. We obtain the parameters γ =
−4.57 ± 0.06 and τ = −0.00319 ± 0.00007 from
a two-dimensional unbinned maximum likelihood
fit to the low-mass four-electron control region
and the hadron-enriched control samples simul-
taneously, using events with invariant mass above

nation in the hadron candidate sample has a negligible
effect on the estimate of the background at high mass,
and is included in the systematic uncertainty we assign
to the background estimation method.
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Ben Brau Fifth International Symposium on the Development and Application 
of Semiconductor Tracking Detectors        Hiroshima, Japan 5/14/04

Resonant Lorentz Forces
! Resonance phenomena was 

measured on the bench in 1.4T 
B field
" Sinusoidal AC current sourced 

through bonds
" First resonance was observed at 

19kHz, ~100mA.  Amplitude of 
oscillation was ~100 #m

" Current scanned from 10mA to 
150mA

! Oscillation of bond was 
observable even at 10mA

! After exposure to resonance, 
wirebonds break
" Some break after minutes, others 

after hours
" Break occurs between bond foot 

and rest of wire 
! Confirmed with real modules 

and real DAQ

! A device which detects 
synchronous trigger conditions is 
now employed to avoid 
dangerous conditons

! Now running at 25 kHz L1A rate 
with no additional bond failures

Silicon Wirebond Failures

• Wirebonds connect φ and 
z sides of hybrid

• Observed loss of power to 
z side during periods of 
synchronous readout

• Lorentz forces 
perpindicular to wires

• 2mm wirebond natural ω 
~15 kHz

• In CDF, B=1.4T, current in 
bond ~200mA: forces on 
bonds ~5E-4N

• Reproduced wirebond 
failure on bench

• Synchronous readout now 
halts DAQ

55

Ben Brau Fifth International Symposium on the Development and Application 
of Semiconductor Tracking Detectors        Hiroshima, Japan 5/14/04

Wire Bond Failures

! Wirebonds connect " and z sides of 
hybrid

! Observed a loss of digital power to z side 
during periods of synchronous readout  
# No data from z side, current draw 

reduced
! Could be due to:

# Aging effects?
# Fusing wirebonds?
# Breaking wirebonds?

B

! Lorentz forces on wire bonds are 
perpindicular to wires
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