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PHYSICS IMPACT OF THE TEVATRON ∗
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The Fermilab Tevatron is the highest energy, highest luminosity proton-antiproton

collider ever built. It has been producing data in its “Run II” since the spring of

2001. This unique machine gives physicists at the CDF and DØ experiments access

to a broad spectrum of interesting measurements and searches. The Tevatron

experiments are now mature and are producing a steady stream of new results.

These lectures present some of the highlights of the Tevatron programme so far,

and some discussion of interesting results to come.

1. Introduction

The Fermilab Tevatron is currently the world’s energy frontier machine. It

has a long history, with first proton-antiproton collisions in the mid-1980s

and a very successful period from 1992-1996 known as “Run I”. Run I of the

Tevatron led to many interesting measurements, most notably the discovery

and first characterization of the top quark. From 1996-2001 the accelerator

underwent an energy upgrade from 1.8 TeV to 1.96 TeV (centre-of-mass

energy) and, more importantly, upgrades which allowed instantaneous lu-

minosity gains of more than a factor of 20. At the same time, the two

general-purpose collider experiments at the Tevatron (CDF and DØ), un-

derwent substantial upgrades in order to exploit these new Tevatron capa-

bilities. These detectors have been taking data in the so-called “Run II”

since spring of 2001.

The Run II collider and detectors provide a unique opportunity to test

the standard model of particle physics both through precision measure-

ments and direct searches for new phenomena. A hadron collider at this
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energy is essentially a broadband quark and gluon collider. CDF and DØ

simultaneously perform precise measurements in relatively low-transverse-

momentum processes (eg. studies of B-mesons) and very high-transverse-

momentum process (eg. top quark pair production). As such, the exper-

imental output is diverse, with more than 200 published papers produced

so far in Run II.

These proceedings cover a broad spectrum of Tevatron results taken

from the first 2fb−1 of integrated luminosity in Run II. This broad coverage

precludes presenting the intricate details of any particular analysis. Some

of the results herein are precisely as presented during the 2008 Lake Louise

Winter Institute (LLWI), while others are updated to reflect new results

released in the weeks following the conference. The presentation of results

follows that of the lectures, beginning with top quark physics, followed by

studies of W s and Zs, then by QCD, B-physics, searches for new phenomena

and standard model Higgs boson searches.

2. The Top Quark

The top quark was discovered at the Tevatron in 1995 and the Tevatron

experiments are still the only places in the world capable of studying its

properties. The creation of top quark physics as a field of experimental

study, will be the most important legacy of the Tevatron, barring evidence

of new physics before the end of Run II.

The energy upgrade from Run I to Run II brings a substantial increase in

the cross section for top quark production (more than 30%). This, combined

with the luminosity increase, leads to relatively large samples of top quarks

being available for study in Run II. Top quark mass is now a precision

measurement (< 1% uncertainty) and it is now possible to measure other

properties of the top quark for the first time.

2.1. Top Quark Production and Decay

At the Tevatron, top quarks are produced via two main mechanisms: 1)

top pair production via the strong interaction and 2) single top quark pro-

duction via the electroweak interaction. Some of the relevant Feynman

diagrams for this process are shown in Figure 1

Due to their short lifetime relative to the characteristic timescale of the

strong interaction, top quarks do not combine to form mesons, but instead

decay to a W boson and a b quark virtually 100% of the time. Top quarks

are also extremely massive, so their decay products are of high transverse
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Figure 1. The first row of Feynman diagrams shows the two leading diagrams for top
pair production at the Tevatron. The qq diagram on the left dominates at the Tevatron.
The second row shows s-channel and t-channel EW single top quark production diagrams

respectively.

momentum. This leads to final states characterized by jets or leptons from

W decays and energetic b-quark jets.

Production of top quarks is still a rare process at the Tevatron, as

illustrated in Figure 2. As such, background suppression through b-jet-

tagging and topological constraints is essential. As discussed in the next

section, multivariate techniques are also commonly used in many top quark

measurements, in order to optimally extract information from the sample.

2.2. Advanced Analysis Techniques

As described in the previous section, top quark events are rare at the Teva-

tron. They can be lost amidst large standard model backgrounds, in par-

ticular from W s produced in association with jets. Multivariate techniques

are often used in order to maximally exploit a given dataset. In fact, the

best measurements of top mass consistently rely on multivariate techniques,

and measurement of the single top quark production cross section is simply

not possible without them. For that reason, this section provides a brief

description of two multivariate techniques which are becoming more com-

mon in these sorts of analyses: the matrix element method1 and boosted

decision trees2,3.

The matrix element method is often described as a Monte Carlo (MC)

event generator in reverse. A MC event generator starts from a matrix
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Figure 2. Theoretical predictions of top quark cross sections are presented on a log

scale for comparison to other processes of interest. The axis on the right shows event
rates normalized to the top pair production.

element describing the process dynamics (from Feynman Rules) which is

integrated over phase space (from kinematic considerations). The integral

is evaluated via a MC technique, producing specific points in phase space.

The result is a set of points (events) statistically distributed as they would

be in nature. The produced “particles” are then propagated through a

detector simulation and a signature is produced which is (ideally) very

similar to data.

A matrix element analysis starts with detector data and applies “trans-

fer functions” to convert detector-level particle information to parton-level

information. It then uses the matrix element for each process (ie. signal

and each background) to calculate the probability that the given parton-

level point corresponds to specific process, for example the probability that

a specific set of particle 4-vectors correspond to the signal process. The

inputs to this technique for each event are only the measured 4-vectors of

the particles in the event. In this way the minimum set of inputs is used

in a near-optimal way. The disadvantage to this technique is that a time-

consuming integral must be evaluated for each event in the data sample.
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A Boosted Decision Tree (BDT) is a machine-learning algorithm which

turns a simple set of event selection criteria (cuts) into a powerful mul-

tivariate technique. Figure 3 shows an illustration of a simple decision

Figure 3. An illustration of a decision tree.

tree. In this illustration, the decision points (blue circles) are referred to

as nodes and terminal points in the tree are drawn as leaves. The tree

is grown through training the algorithm on a sample of known signal and

background events. At each node, all input criteria (eg. kinematic vari-

ables) are evaluated to find the criteria and cut which best separates signal

and background. The splitting of the sample stops when either a) no fur-

ther separation is obtained or b) too few events remain in a given node.

Each leaf of the tree is assigned a purity. Any event which passes through

the tree is then assigned the purity of the leaf it stops in. This purity is

the decision tree output and ranges from zero to one. If the decision tree is

effective, the signal is pushed close to purity=1, while background is pushed

close to purity=0.

A common way to improve the performance of a decision tree is to

“boost” it. This involves training an additional set of trees which each
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concentrate on a specific subset of difficult-to-classify events. At the end,

the decision tree output for a given event is then a weighted average of its

purity in all trees. Once the tree has been grown, it can be applied to an in-

dependent set of signal and background events to evaluate its performance.

In Figure 3, all events which have the property HT > 242 pass the first

cut and are subsequently evaluated at the node to the right (mtop > 162)

while events which fail the first cut are subsequently evaluated at the left-

node (pT < 27.6). This process differs from a standard cut-based analysis

in that rejected events continue to be evaluated by the algorithm in an

attempt to recover lost signal.

This technique provides several advantages over other multivariate tech-

niques including: it is fast to train, there are not many “knobs” to tune (ie.

optimization is relatively simple), it is insensitive to variable correlations,

and addition of extra kinematic variables will never degrade performance.

2.3. Top Pair Production

Since top quarks decay to Wb with branching ratio ∼ 100%, the final state

of top quark pair production is generally described in terms of W decay

channels. If both W s decay to jets, the event is described as “all-hadronic”,

if one decays to an electron or a muon and the other to jets the event is

described as “lepton+jets”, while if both Ws decay to electrons or muons

the event is described as “di-lepton”. Analyses of events in which one W

decays to tau (ie. τ+jets) are rare and will not be discussed here. The

branching ratios for the ttbar final states are:

• all hadronic BR=46%

• lepton + jets BR=34%

• di-lepton BR=6%

• tau+X BR=14%

Generally speaking, the lepton+jets channels are the best compromise be-

tween rate and ease-of-analysis (because of the well-isolated lepton). How-

ever, different channels are subject to different systematic uncertainties and

dominant backgrounds. Therefore, measurements are performed in parallel

in all of these decay channels.

Top pair events have some kinematic features which are exploited in

many analyses. The events are central, spherical and contain several high-

transverse-momentum objects (leptons and jets). Some common variables

include:
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• the number of energetic jets and leptons

• HT - the scalar sum of the transverse energies of several objects in

the event

• event shape

• missing transverse energy ( 6ET )

• number of jets which are b-tagged

For some analyses (eg. cross section), a cut-based approach using such

variables is viable. For others, multi-variate techniques (see above) must

be used to produce a competitive measurement.

2.3.1. Top Pair Cross Section

The first priority for top-quark analyzers in Run II was to re-establish the

top signal in the new data. In the years since Run II began, the uncertainty

on the measurement of the top pair cross section has progressed from the

Run I standard (about 25%) to a level at which it is competitive with the

theoretical uncertainty (about 12%).

In May 2007, the CDF experiment released a measurement of the top

pair production cross section in the lepton+jets channel based on 1.12fb−1

of Run II data4. They used b-jet tagging and a series of kinematic criteria

to separate top pair events from backgrounds which include: W + light

jets, W + heavy-flavour jets, multijets, di-bosons, single top and Z → ττ .

The kinematic requirements include

• A single isolated lepon with Et > 20GeV

• 6ET > 30GeV

• 3 or more jets with Et > 20GeV

• 1 or 2 b-tags

• HT > 250GeV for single-tag events, HT > 200GeV for double-tag

events.

After these selections, the data composition plotted as a function of the

number of jets is shown in Figure 4. The cross section was measured using

σtt =
Nobs − Nbkg

(ǫtag ∗ SF )(ǫpretag

∫
L)dt

(1)

where Nobs is the number of observed events, Nbkg is the number of back-

ground events, ǫtag is the b-tagging efficiency, SF is a scale factor used to

correct simulated b-tagging performance to data, and L is the luminosity.



May 20, 2008 23:51 Proceedings Trim Size: 9in x 6in oneil˙proceeds˙2008

8

Number of Jets
1 2 3 4 5≥

Number of Jets
1 2 3 4 5≥1 2 3 4 5≥

N
u

m
b

er
 o

f 
T

ag
g

ed
 E

ve
n

ts

0

200

400

600

800

1000

Number of Jets
1 2 3 4 5≥1 2 3 4 5≥

N
u

m
b

er
 o

f 
T

ag
g

ed
 E

ve
n

ts

0

200

400

600

800

1000

Data

Top (8.2 pb)

EW & Single Top

W+Light Flavor

Non-W

W+Charm

W+Bottom

)-1CDF Run II Preliminary (1.12 fb

Number of Jets
2 3 4 5≥

Number of Jets
2 3 4 5≥2 3 4 5≥

N
u

m
b

er
 o

f 
D

o
u

b
le

-T
ag

g
ed

 E
ve

n
ts

0

10

20

30

40

50

60

70

80

90

Number of Jets
2 3 4 5≥2 3 4 5≥

N
u

m
b

er
 o

f 
D

o
u

b
le

-T
ag

g
ed

 E
ve

n
ts

0

10

20

30

40

50

60

70

80

90

Data

Top (8.8 pb)

EW & Single Top

W+Light Flavor

Non-W

W+Charm

W+Bottom

)-1CDF Run II Preliminary (1.12 fb

Figure 4. The predicted data composition after selection in the single-tag (left) and

double-tag (right) datasets. Top pair events dominate the 3-5 jet bins.

The results for single and double-tagged events are:

σtt(singletag) = 8.2 ± 0.5(stat) ± 0.9(sys)pb (2)

σtt(doubletag) = 8.8 ± 0.8(stat) ± 1.3(sys)pb (3)

At the time of LLWI 2008 these are the single best measurements of the

top pair cross sections in both single and double-tag channels.

In January 2008, the DØ experiment published a measurement of the

top pair cross section without assuming the branching ratio of t → Wb was

100%5. A simultaneous fit was performed to extract both σtt and R, where

R is defined as

R =
BR(t → Wb)

BR(t → Wq)
=

|Vtb|2
|Vtd|2 + |Vts|2 + |Vtb|2

(4)

The results for 0.9fb−1 of Run II data are

σtt = 8.2 ± 0.9(stat + sys) ± 0.5(lumi)pb (5)

R = 0.97+0.09
−0.08pb (6)

The top pair cross section has been measured independently in many

channels in each of the Tevatron experiments. The measurements are, in all

cases, consistent with standard model predictions. The most precise mea-

surements from each experiment are made in the lepton+jets channel. The

uncertainty on a single measurement is now comparable to the theoretical

precision.
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2.3.2. Top Mass

The mass of the top quark is one of the free parameters of the stan-

dard model. Precision measurement of its value has a strong influence on

the the predicted Higgs boson mass, obtained through fits to electroweak

parameters6. As data accumulates, the measurement of the top quark

mass has moved from being limited by statistical uncertainties to being

systematics-dominated. In particular, the measurement precision is limited

by the experimental knowledge of the jet energy scale.

As in the case of top cross section, the top mass is measured indepen-

dently in many channels by each experiment. The event selection is similar

to that used in the cross section analysis as well. However, the most precise

single measurements of top mass typically rely on a multivariate technique

and in-situ calibration of the jet energy scale. At this time, the best mea-

surement from each experiment uses a matrix element technique in the

lepton+jets channel. Figure 5 presents a summary of top mass measure-

ments from both the CDF and DØ experiments, including results released

shortly after the LLWI.

Best Independent Measurements

of the Mass of the Top Quark   (*=Preliminary)

CDF-I   dilepton 167.4 ± 11.4

D -I     dilepton 168.4 ± 12.8

CDF-II  dilepton* 171.2 ±   3.9

D -II    dilepton* 173.7 ±  6.4

CDF-I   lepton+jets 176.1 ±   7.3

D -I     lepton+jets 180.1 ±   5.3

CDF-II  lepton+jets* 172.7 ±   2.1

D -II    lepton+jets* 172.2 ±   1.9

CDF-I   alljets 186.0 ± 11.5

χ2
/ dof = 6.9 / 11

Tevatron Run-I/II* 172.6 ±  1.4

150 170 190

Top Quark Mass [GeV]

CDF-II  alljets* 177.0 ±  4.1

CDF-II  b decay length 180.7 ± 16.8

March 2008

Figure 5. Summary of measurements of the top quark mass from both Tevatron exper-
iments in Run I and Run II.
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2.4. Single Top Quark Production

It is also possible to produce top quarks singly via the electroweak interac-

tion. Single top quark production is interesting for a number of reasons:

• the cross section is proportional to |Vtb|2
• the cross section is sensitive to several sources of physics beyond

the standard model

• the produced top quarks are 100% polarized

• the final state is identical to an important Higgs search channel at

the Tevatron

• the cross section is small, making it an excellent test-case for ex-

tracting small signals from large backgrounds

Kinematically, single top quark production lies between W+jets pro-

duction and tt production and therefore suffers both as backgrounds. For

this reason, it is significantly harder to measure than tt and had escaped

detection until very recently. Near the end of 2006, the DØ experiment

announced first evidence for single top quark production7,8and the first

measurement of |Vtb|
σ = 4.9 ± 1.4pb (7)

0.68 < |Vtb| < 1.0, 95%conf. (8)

In the summer of 2007 CDF followed suit, and just after LLWI 2008 they

released a measurement9 which uses 2.2fb−1 of Run II data:

σ = 2.2 ± 0.7pb (9)

|Vtb| = 0.88 ± 0.14(exp) ± 0.07(theory) (10)

Each experiment used multivariate techniques to achieve first evidence.

The DØ experiment used boosted decision trees, matrix element and

Bayesian neural networks while CDF used matrix elements, neural net-

works and likelihood methods.

2.5. Top Quark Summary

Run II has provided the CDF and DØ experiments with substantially larger

top quark samples than were available from Run I. This has allowed pre-

cision measurement of top quark cross section and mass and first evidence

of single top quark production. The precision on top mass already exceeds

pre-run expectations. Many other measurements have been made in the

top quark sector including: top quark charge, W helicity from top decays,
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resonance searches, top width, etc. The era of precision study of top quarks

is well underway.

3. Electroweak Studies

The Tevatron provides large samples of W and Z bosons, useful for studying

the electroweak interaction. One of the most important parameters to

measure with greater precision is the mass of the W boson, currently the

limiting factor in predicting the Higgs mass within the standard model.

The Tevatron also provides the first opportunity to study some types of

triple gauge couplings (TGCs) through first observation of some di-boson

processes.

3.1. W Mass and Width

Even though the mass of the W boson has been measured to high precision

by the LEP experiments, its uncertainty is stills limits the prediction of the

Higgs mass. The Higgs boson (or other new physics) contributes to the W

boson mass through loop corrections

MW =
παem√

2Gf sin2 θW (1 − ∆r)
(11)

where αem is the fine structure constant, Gf is the Fermi constant, θW is

the Weinberg angle and ∆r is the contribution from radiative corrections.

The measurement of the W boson mass is usually performed by looking

only at the leptonic W decays (ie. electrons and muons) and by constructing

mass templates in two variables: W transverse mass and lepton Pt. Each

of these variables is sensitive to mass, but they are sensitive to different

systematic effects. For example, the lepton Pt is more sensitive to effects

from hadronic recoil in the W system than is transverse mass. For this

reason, the analysis is performed in each variable separately.

Improving the current knowledge of the W boson mass is a task requir-

ing heroic effort to calibrate the detector and reduce systematic uncertain-

ties. Early in 2007, the CDF experiment published the first W boson mass

measurement of Run II10:

80413 ± 34(stat) ± 34(sys) = 80413 ± 48MeV (12)

which is the single best measurement of W boson mass in the world. It

is worth noting that this result relied on only 200pb−1 of data. As further

data is analyzed, the ultimate precision on the W boson mass from Run II
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could reach 20-25MeV. CDF has also measured the W boson width to be

2050 ± 59MeV which is also the world’s best single measurement.

3.2. Electroweak Fits and the Mass of the Higgs

Given the W and top mass results presented in the previous sections, it is

possible to calculate new limits on the standard model Higgs mass. The

current preferred value for the Higgs mass is

MH = 87+36
−27GeV (13)

leading to an upper limit (95% confidence) of 160 GeV. This is illustrated

in Figure 6.

0

1

2

3

4

5

6

10030 300

mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035

0.02749±0.00012

incl. low Q2 data

Theory uncertainty
March 2008 mLimit = 160 GeV

Figure 6. The latest (winter 2008) χ2 fit to electroweak precision data. The minimum
represents the favoured value for the Higgs boson mass. The shaded (yellow) region is
excluded by direct searches.

3.3. Di-boson Production

The data of Run II also provides access to samples of di-boson events large

enough to measure some cross sections for the first time. These measure-

ments will eventually lead to new constraints on triple gauge couplings. As
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data accumulates, more low-rate processes are measured for the first time.

Figure 7 shows the cross sections of the di-boson processes measured so far

in Run II.

W Z γW γZ WW tt WZ ZZ WW→H

C
ro

ss
-S

ec
tio

n 
[p

b]

-110

1

10

210

310

410

 = 1.96 TeVs at pTevatron Run II p

=160HM

CDF Preliminary
CDF Published
D0 Preliminary
D0 Published
Theory

Figure 7. Measured cross section of various di-boson channels at the Tevatron.

4. QCD Studies

Many of the measurements discussed so far have actually been tests of pre-

dictions of QCD. After all, each of these processes starts from interactions

of quarks and gluons, so their cross sections cannot be calculated without

good experimental data on parton density functions. Many of the rare pro-

cesses studied at the Tevatron are also plagued by backgrounds from di-jet

production, the precise understanding of which is also a study of QCD.

Studies which lead to a better understanding of jets and of QCD are an

important part of the Tevatron programme.

As illustrated in Figure 8, the Tevatron explores a region in the Q2

vs. x plane which is inaccessible to other colliders (high-Q2, low x). This

allows the Tevatron experiments to make stringent constraints on proton

PDFs. Those constraints require the measurement of the differential jet
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Figure 8. The Q2 vs. x plane shows the region in which the Tevatron can constrain

parton density functions.

cross section as a function of jet PT over a large energy range. In turn,

this requires unprecedented control over systematic uncertainties related to

the jet energy scale. During this conference, the DØ experiment submitted

new results11 with the smallest experimental uncertainties to date. These

results are shown in Figure 9.

5. B Physics

The Tevatron is not usually referred to as a B-factory, yet the cross section

for production of B-hadrons is very high, and the B-physics analyzers at

the Tevatron are extremely prolific (more than 50 papers published in Run

II alone). The Tevatron experiments have an advantage over B-factories

operating at the Υ(4S) resonance in that a full spectrum of B-hadrons is

produced. The study of the Bs system, including mixing and CP-violation

studies, is therefore a flagship measurement of the Run II programme. The

Tevatron experiments also produced several other world-leading B-physics

measurements, including the first observation of several new hadrons.
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Figure 9. DØ inclusive jet cross section result. The differential cross section is plotted

as a function of jet pT in a series of rapidity bins.

5.1. Bs Mixing

In the Bs system, mixing between the particle and antiparticle states can

occur via the box diagram shown in Figure 10.

Figure 10. Feynman diagram illustrating mixing in the Bs system.

Measuring this mixing is difficult, as it is predicted to occur with very

high frequency. The type of analysis needed to measure the oscillation
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frequency of such a process is quite different from the high-transverse-

momentum signatures described in previous sections. If an oscillation is

going to be measured, the decay chain needs to be reconstructed. Further,

the initial flavour of the Bs meson (ie. at production) must be determined.

Figure 11 presents a conceptual drawing of a Bs event. Here a b-quark

hadronizes and forms 2 B-mesons plus other hadrons. The initial flavor

of the Bs meson (matter or antimatter) can be determined either through

measuring the properties of the “other” B-meson in the event (opposite-

side tagging) or through charge correlations between the Bs meson and

the nearest pion in the fragmentation chain (same-side tagging). In this

diagram, the proper time is expressed in terms of the length Lxy.

Figure 11.

In 2006, the CDF experiment published the first observation of Bs −Bs

oscillations12 and the first measurement of the oscillation frequency. The

probability that the Bs meson decays with the same, or opposite flavour as

the flavour at production is measured as a function of the proper time. Fig-

ure 12 shows a scan of the oscillation amplitude as a function of frequency.

The amplitude is expected to be consistent with 1 when the probed fre-

quency is the true frequency13. There is clear evidence of such a spike

in observed amplitude. From this, CDF has extracted the oscillation fre-

quency:

∆ms = 17.77 ± 0.10(stat) ± 0.07(sys) (14)

This measurement adds significant constraints on the CKM matrix. It

constrains the ratio of 2 CKM matrix elements as follows:

|Vtd|
|Vts|

= 0.2060 ± 0.0007(exp)+0.0081
−0.0060(theory) (15)
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Figure 12. CDF measurement of Bs mixing amplitude. Reproduced from

These results are consistent with the standard model.

5.2. CP-Violating Phase in Bs Mixing

Another way to exploit the Bs system is to search for non-standard-model

sources of CP violation in Bs decays. In this system, the two mass eigen-

states are predicted to be almost perfect eigenstates of CP. Therefore, any

measurable source of CP violation in the Bs system is a sign of new physics.

The CP violation would express itself through a reduction of the difference

in the widths of the 2 states. Both Tevatron experiments have made mea-

surements of this width difference14,15

DØ : ∆Γs = 0.13 ± 0.09ps−1 (16)

CDF : ∆Γs = 0.076+0.059
−0.063(stat) ± 0.006(syst)ps−1 (17)

Both experiments are also searching for direct CP violation in Bs decays.

6. BSM Searches

In some sense, every new measurement is a search for new physics. Some-

times this is accomplished via precision measurement of standard model

parameters, other times through direct production of new states. At the

Tevatron, it may be possible to directly produce new particles or effects
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predicted by extensions to the standard model. Until the Large Hadron

Collider (LHC) begins operation, the Tevatron is the only facility capable

of exploring this frontier.

6.1. SUSY

Supersymmetry (SUSY) refers to a new symmetry between fermions and

bosons. It is reviewed extensively elsewhere16. SUSY has several attractive

features including solving the hierarchy problem in the standard model,

providing an excellent dark matter candidate (assuming R-parity conser-

vation) and the apparent unification of couplings at high energy scales. It

also has the consequence of introducing a bosonic partner for every fermion

and a fermionic partner for every boson, thereby doubling the number of

elementary particles in nature.

The “golden channel” for SUSY discovery at the Tevatron is 3 leptons

+ missing transverse energy. The 6ET comes in part from the production of

the lightest supersymmetric particle (LSP). SUSY models which conserve

R-Parity preclude the decay of the LSP to “normal” matter, leaving it as a

weakly interacting massive particle which escapes detection. The 3-lepton

+ missing transverse energy signature results from quark-quark interactions

producing a chargino and a neutralino. This is followed by the neutralino

decay (through Z) to 2 charged leptons and an LSP, and the chargino decay

(through W ) to lepton + neutrino + LSP. The dominant standard model

backgrounds to this process are Drell-Yann and di-boson production.

CDF has a recent result in this channel17 which uses 2fb−1 of Run II

data. The analyses are divided into two broad categories, those which re-

quire 3 isolated reconstructed leptons and those which enhance acceptance

by requiring 2 isolated leptons and an isolated track. The final result is

a combination of these analyses. Each analysis is an exercise in precise

understanding of large backgrounds.The analyzers created 47 different con-

trol regions and tested their background model in hundreds of different

distributions. The limit on the chargino mass derived from this analy-

sis is the most stringent to date: Mchargino > 140GeV (for mSUGRA

m0 = 60, tan β = 3, A0 = 0, µ > 0 ). Figure 13 shows the derived limit as a

function of chargino mass.

There is no a-priori reason to insist on R-parity conservation in SUSY

models. If SUSY particles can decay to standard model particles, then a

single slepton can decay to a lepton in violation of lepton number conserva-

tion. DØ has performed a search for this type of model through high-mass
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Figure 13. CDF limits on the SUSY trilepton cross section as a function of chargino

mass.

eµ resonances18. Figure 14 shows the limits obtained in this analysis as a

function of resonance mass. These are the most stringent limits to date.

6.2. Extra Dimension Searches

There are several theories of physics beyond the standard model in which

the hierarchy problem is solved by postulating that we live in more than

4 dimensions. Two common classes of models with testable predictions at

Tevatron energies are ADD (Arkani-Hamed, Dimopoulos, Dvali) models19,

which postulate the existence of “n” large extra dimensions and Randall-

Sundrum models20 which postulate the existence of a fifth warped dimen-

sion.

CDF has released results of a search for evidence of ADD extra dimen-

sions using 2fb−1. The process is qq → γ + G. The graviton is undetected,

leading to a photon+MET final state. The lower limit on the ADD scale is

pushed to approximately 1TeV for number of extra dimensions 2-6.

Randall-Sundrum theory predicts a tower of Kaluza-Klein excitations

(RS-gravitons). The first of these excitations should have a mass in the TeV

range. The signature would be a narrow high-mass resonance decaying to
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Figure 14. DØ limits on the RPV-SUSY eµ resonance cross section as a function of

resonance mass.

pairs of fermions or bosons. DØ has done a search for ee and γγ in a sliding

window from 100GeV to 1TeV in 1fb−1 of Run II data21. Figure 15 shows

the region of phase space excluded by this result.

6.3. Lepton Compositeness

If leptons are composite objects, excited states can be produced. One of the

decay channels for an excited electron would be eeγ. DØ has performed

a search in this channel in 1fb−1 of Run II data22. This analysis has

produced the most stringent limits yet on the mass of the excited electron:

Me∗ > 756GeV (for Λ = 1TeV )

6.4. Searches Summary

The Tevatron experiments have always been at the energy frontier, and

so have been directly searching for new phenomena since their inception.

However, CDF and DØ are now mature, with excellent understanding of the

experimental environment and of standard model signatures. As such, the

experiments have now entered a golden era for searches. For the moment,
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Figure 15. DØ limits on the production of ee and γγ resonances due to RS graviton

production and decay.

the success of these searches can be seen through new constraints on many

models of new physics. The hope, of course, is that the Tevatron will

directly reveal a new secret of nature before Run II is complete.

7. Higgs Searches

Understanding electroweak symmetry breaking is one of the great quests

of modern particle physics. Within the standard model, electroweak sym-

metry is broken via the Higgs mechanism. This predicts the existence of

a massive scalar boson: the Higgs boson. Since the end of data-taking

at LEP-II in 2000, the Tevatron has been the only collider capable of ac-

cessing high enough energy scales to potentially discover the Higgs boson.

However, the allowed mass range for the Higgs boson is at the edge of the

Tevatron reach. This means that its discovery is only feasible with high

integrated luminosity. Each experiment has been increasing its focus on

Higgs searches recently, making this one of the most exciting areas of study

during the final years of Run II.
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7.1. Higgs Boson Production and Decay

Figure 16 presents Feynman diagrams for the two leading Higgs boson pro-

duction mechanisms at the Tevatron. The leading production mechanism

is known as gluon fusion and results in production of only a Higgs boson in

the final state. The second diagram is referred to as associated production,

since the Higgs is produced in association with a W boson.

Figure 16. Feynman diagrams representing two of the leading production mechanisms
for standard model Higgs bosons at the Tevatron. The diagram on the left is known as

gluon fusion, while the diagram on the right is referred to as associated production.

The branching ratio for Higgs boson decays to any specific final state

changes significantly as a function of Higgs mass as demonstrated in Fig-

ure 17. For Higgs masses below approximately 140GeV/c2, the dominant

Figure 17. The branching ratio for many Higgs decay channels as a function of Higgs
boson mass.

decay is to a bb pair. Unfortunately, the rate of bb di-jet production from

other standard model sources is higher by many orders of magnitude. This

makes associated production more attractive than gluon fusion by the virtue

of smaller backgrounds to W + H or Z + H final states. Therefore, for low
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mass Higgs the signature is (in the case of W + H) an isolated lepton,

6ET and 2 b-tagged jets. For higher Higgs masses the dominant decays are

to WW and ZZ pairs and the gluon-fusion production mode becomes the

most attractive channel due to its rate. For either low-mass or high-mass

Higgs the analysis is very challenging, and requires precise knowledge of

backgrounds and sophisticated analysis techniques.

7.2. Current Results

The cross section limits derived from current Higgs searches are still sig-

nificantly above the standard model cross sections, typically by a factor

of 10 or more over the entire mass range. However, by combining results

from many channels and from both experiments it is possible to get much

closer to excluding (or discovering!) the Higgs boson in some mass regimes.

Figure 1823 shows the combination of many Higgs cross section limits from

the CDF and DØ experiments. From this figure it is clear that currently

the best chance to find or exclude the existence of the Higgs is in the region

of MH = 160GeV (where WW decays dominate).
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Figure 18. The ratio of the Higgs boson cross section limit to the standard model
prediction plotted as a function of Higgs mass. This is a combination of many analyses
from both Tevatron experiments



May 20, 2008 23:51 Proceedings Trim Size: 9in x 6in oneil˙proceeds˙2008

24

7.3. Higgs Searches Summary and Prospects

The hunt for the Higgs boson is one of the most important quests in particle

physics. The Tevatron experiments are pouring effort into the search and

are now approaching sensitivity to standard model cross sections in some

parts of the allowed Higgs mass range. As more data is accumulated, analy-

sis techniques are refined, and new channels are explored the sensitivity will

continue to improve. A 2003 sensitivity study24 showed that with 4fb−1

per experiment the standard model Higgs boson could be excluded up to

130GeV/c2 or could be seen with 3-sigma evidence up to about 120GeV/c2

as shown in Figure 19.

Figure 19. The predicted exclusion, evidence and discovery curves for a given luminosity
(per experiment) and Higgs mass according to a 2003 study. The thick lines represent
the results of a similar study performed in 1999.

8. Conclusions

Run II of the Fermilab Tevatron has been ongoing since spring of 2001.

Since that time, the CDF and DØ experiments have combined to publish

more than 200 papers in many different areas of particle physics. While

the Tevatron will always be remembered for having opened the field of top

quark physics, there have also been significant impacts on understanding

the W and Z, on QCD, on B-physics, on searches for physics beyond the

standard model and on searches for the standard model Higgs boson. The
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detectors and experimental environments are now very well understood, and

new data is accumulating at an unprecedented rate. I expect the Tevatron

to continue to have an impact on our field for years to come.
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