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PREDICTION IS HARD, ESPECIALLY...

“640K OUGHT TO BE 
ENOUGH FOR ANYBODY.” 

Bill Gates, 1981

3

1995: USERS WENT 
“ROGUE”

ANTICIPATED A “ TEV* ” 
UPGRADE:
~2 x 1032 cm-2 s-1

 (or a “TeV33” of 1033 cm-2 s-1 )

1.5 x1031

1: Y
10: X

L =
�
LdtEMPHASIS ON

1 fb-1

10 fb-1 
100 fb-1
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PEAK LUMINOSITY
3 X 1032 cm-2 s-1 DURING LAST YEAR

where: <N> ~ 10!

4
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INTEGRATED LUMINOSITY
BETTER THAN 200 pb-1 PER MONTH 

optimizing integrated luminosity is key
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20 month run
fast recovery
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MANAGING EXPECTATIONS
RUN 2 MAY ONLY BE HALF-WAY OVER!
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results to this point, 
~5 fb-1
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MATURE  EXPERIMENTS: COMPETITIVE & COLLABORATIVE
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Both experiments:
record  ~85-90%
analyze  ~75-90%

of delivered luminosity

CDF

DØ
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1/2-WAY POINT
CONCLUSION 0

THE TEVATRON HADRON COLLIDER IS SURPASSING 
EXPECTATIONS
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IN 1996 WE BASICALLY HAD TWO TOOLS IN OUR BOX

A WORD ABOUT TOOLS

9
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IN 1996 WE BASICALLY HAD TWO TOOLS IN OUR BOX

A WORD ABOUT TOOLS
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Counting: 
signal–background

Templates: 
model signal distributions 
L fit to data

Matrix Element: 
calculate P for each event 
form L discriminant

NN, BDT:
train a multivariate package 
form L discriminant
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MARCHING WITH THE TEVATRON CROSS SECTION
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Jets

Heavy Flavor

W
Z

Wg Zg

WW
tt WZ Single

Top
ZZ

Higgs

something will happen

something might happen

10 orders of magnitude
and still counting
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OUTLINE

RUNNING CONDITIONS

NON-HIGGS REVIEW

QCD Physics

Heavy Flavor Physics

Electroweak Physics

Top Quark Physics

Beyond-the -Standard Model Searches

CONCENTRATION: ITEMS NEW SINCE MIAMI 2008
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high pT  jets, "s, W/Z + jets

di-Bosons, MW, !W

b-baryon discoveries, lifetimes, 
Bs mixing, CPV, 

tT: mt, !tT, EW;    EW t: observation, Vtb

W’, Z’, SUSY
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QCD PHYSICS

CLASSIC SEARCH 
PATH

PRECISION TEST OF 
pQCD

CRUCIAL R&D 
PLATFORM FOR 
MODELING
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2% of anything happening

Jets

Heavy Flavor

W
Z

Wg Zg

WW
tt WZ Single

Top
ZZ

Higgs
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QCD

QCD PROCESSES
inclusive jets
strong coupling
IVBs plus jets
IVBs plus b,c
dijet angular distns
color coherence
direct photons
double parton sca!ering
kT studies
central, diffractive production
UE
Drell-Yan
Min Bias
charge multiplicity
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QCD

PROCESSES
inclusive jets
strong coupling
IVBs plus jets
IVBs plus b,c
dijet angular distns
color coherence
direct photons
double parton sca!ering
kT studies
central, diffractive production
UE
Drell-Yan
Min Bias
charge multiplicity
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INCLUSIVE JET PRODUCTION
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DØ
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Rutherford Sca!ering on steroids
ET(1) ~ 620 GeV
ET(2) ~ 560 GeV
MJJ ~ 1.2 TeV
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INCLUSIVE JET PRODUCTION

MULTIPLE ORDERS OF 
MAGNITUDE
premium on jet energy scale
1.2-2% DØ & 2-3% CDF
±1% E-scale => ±(5-10)% central

16
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Phys. Rev. D 79, 112002 (2009) 

!"#$%&'()%&4&57.&,,0--0&10--73&

!'*&22.&-80--,&10--03
CDF

DØ

PRECISION QCD: !S & MJJ

MJJ NOW 
STRESSING PDFs
precision jet physics
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1 — f T H R P ^ 

DØ

22/110 inclusive jet s points
50<pT<145 GeV
excluding high-x

STRONG 
COUPLING 
RUNNING
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W/Z/γ PLUS JETS PRODUCTION

A STORIED LABORATORY FOR PQCD STUDIES
inherently important
crucial backgrounds for discovery channels
crucial tune for NL and higher O MC

18

Z/W/" → inclusive jets, ≥ 1, 2

Z/W/" → exclusive jets, = 1, 2, 3

Z/W/" → b, c + jets
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W/Z/γ PLUS JETS PRODUCTION

Z + JETS INCLUSIVE
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FIG. 3: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the third jet in Z/γ∗+3 jets+X events, compared to the predictions

of mcfm lo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions corrected to the
particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching matrix-elements
to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization scales by a factor
of two.

using the CKKW prescription [29]. For sherpa, both
the factorization and the renormalization scales are given
by the CKKW prescription. For all three pjet

T spectra,
alpgen+pythia predicts lower production rates than
observed in data, but the shapes of the spectra are well
described. sherpa predicts a less steeply falling lead-
ing pjet

T spectrum than seen in data, leading to disagree-

ments above 40 GeV. For the sub-leading pjet
T spectra,

sherpa predicts higher production rates than observed
in data, but the shapes are well described. In agree-
ment with Ref. [30], both alpgen+pythia and sherpa

are found to show a sensitivity to the choice of scales
which is similar to that of a LO pQCD prediction, re-
flecting a limited predictive power. For the leading jet
at pT = 100 GeV, the prediction of sherpa with both
scales shifted down by a factor of two is about three times
higher than the alpgen+pythia prediction with both
scales shifted up. This reflects both the size of the scale
uncertainties and the difference in the central prediction
between the two event generators. For alpgen+pythia,
good and simultaneous agreement with data for all three
leading jets is achieved through scaling µF and µR down

by a factor of two from the default values. For sherpa,
an improved description of data is achieved by scaling µF

and µR up by factor of two, but remaining disagreements
with the measurements are seen for the leading jet below
∼ 40 GeV.

In summary, we have presented new measurements
of differential cross sections for Z/γ∗(→ e+e−)+jets+X
production in pp̄ collisions at a center-of-mass energy of
1.96 TeV using a data sample recorded by the D0 de-
tector corresponding to 1.04 ± 0.06 fb−1. The measure-
ments are binned in the pT of the N th jet, using events
containing at least N = 1, 2, or 3 jets, and are nor-
malized to the measured inclusive Z/γ∗(→ e+e−) + X
cross section. Predictions of mcfm at NLO, corrected
to the particle level, are found to be in good agree-
ment with data and have a significantly smaller scale
uncertainty than mcfm at LO. The parton-shower based
herwig and pythia Tune QW event generator models
show significant disagreements with data which increase
with pjet

T and the number of jets in events. The newer
pT -ordered shower model in pythia gives a good descrip-
tion of the leading jet, but shows no improvement over

W/Z/γ PLUS JETS PRODUCTION

Z PLUS JETS: EXCLUSIVE
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FIG. 2: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the second jet in Z/γ∗ + 2 jets+X events, compared to the

predictions of mcfm nlo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions
corrected to the particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching
matrix-elements to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization
scales by a factor of two.

TABLE VI: Correction factors for multiple parton interac-
tions (CMPI) and hadronization (CHad) for 1

σZ/γ∗
× dσ

dpT (3rd jet)
.

pT bin CMPI ± (stat) ± (sys) CHad ± (stat) ± (sys)
[GeV]

20 – 28 1.15 ± 0.02+0.00
−0.07 0.76 ± 0.01+0.08

−0.00

28 – 44 1.10 ± 0.03+0.05
−0.04 0.81 ± 0.03+0.05

−0.00

44 – 60 1.11 ± 0.10+0.04
−0.10 0.74 ± 0.07+0.19

−0.00

and in the final-state shower of pythia. For the initial-
state shower, pythia using Tune QW (Tune S0) sets
a =

√
0.2 (1.0). Both herwig and pythia reweight the

leading parton shower emission to reproduce Z/γ∗+jet
LO matrix-element computations [27]. For the leading
jet, pythia using Tune QW shows a more steeply falling
spectrum than observed in data (Fig. 1). The predic-
tion of herwig + jimmy shows good agreement with
data at low pjet

T , but resembles pythia Tune QW at high

pjet
T . The change of slope around pjet

T = 50 GeV can be
traced back to the matrix-element correction algorithm
in herwig [28]. Comparisons to the measurements of the

sub-leading jets (Figs. 2–3) show that pythia using Tune
QW and herwig predict more steeply falling pjet

T spec-
tra than observed in data, in agreement with expecta-
tions based on the limited validity of the soft/collinear
approximation of the parton shower. A newer pythia

model with a pT -ordered parton shower, using Tune S0,
gives a good description of the leading jet, but shows no
improvement for the second or third jet. For the two
pythia models, samples were generated with µF and µR

being varied up and down from the nominal value by a
factor of two. As expected, decreasing µF and µR in-
creases the predicted amount of events with one or more
jets. The slopes of the predicted distributions do not
change significantly as the scales are varied.

Finally, we show comparisons with the alpgen v2.13
+ pythia v6.325 and sherpa v1.1.1 event generators.
Both generators combine tree-level matrix elements with
parton showers [29, 30, 31], thereby utilizing matrix
elements also for sub-leading jets. For the central
alpgen+pythia prediction, the factorization scale is

given by µF =
√

M2
Z + p2

T,Z , whereas the renormaliza-

tion scale is defined individually for each parton splitting
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FIG. 1: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the leading jet in Z/γ∗+jet+X events, compared to the predictions

of mcfm nlo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions corrected to the
particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching matrix-elements
to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization scales by a factor
of two.

TABLE IV: Correction factors for multiple parton interac-
tions (CMPI) and hadronization (CHad) for 1

σZ/γ∗

× dσ
dpT (1st jet) .

pT bin CMPI ± (stat) ± (sys) CHad ± (stat) ± (sys)
[GeV]
20 – 28 1.08 ± 0.00+0.07

−0.04 0.89 ± 0.00+0.04
−0.03

28 – 40 1.04 ± 0.00+0.02
−0.02 0.90 ± 0.00+0.03

−0.01

40 – 54 1.02 ± 0.00+0.01
−0.01 0.90 ± 0.00+0.02

−0.00

54 – 73 1.02 ± 0.01+0.00
−0.02 0.92 ± 0.01+0.01

−0.03

73 – 95 1.01 ± 0.01+0.03
−0.01 0.93 ± 0.01+0.01

−0.02

95 – 120 1.02 ± 0.02+0.00
−0.03 0.91 ± 0.02+0.03

−0.00

120 – 154 1.04 ± 0.03+0.00
−0.07 0.92 ± 0.02+0.05

−0.03

154 – 200 1.03 ± 0.05+0.02
−0.06 0.91 ± 0.04+0.04

−0.06

200 – 300 1.01 ± 0.09+0.04
−0.05 0.92 ± 0.08+0.05

−0.06

trate the improved predictive power of the NLO compu-
tation as compared with the LO one. The uncertainties
of the mcfm predictions due to the PDFs were evaluated
using the Hessian method. For the two leading jets, they
vary from 5% at low pT to 10% at high pT , and for the
third jet they are found to be (5–15)%.

Next, we compare the predictions of pythia v6.416

TABLE V: Correction factors for multiple parton interactions
(CMPI) and hadronization (CHad) for 1

σZ/γ∗

× dσ
dpT (2nd jet)

.

pT bin CMPI ± (stat) ± (sys) CHad ± (stat) ± (sys)
[GeV]

20 – 28 1.15 ± 0.01+0.06
−0.10 0.81 ± 0.01+0.07

−0.00

28 – 40 1.10 ± 0.01+0.00
−0.07 0.83 ± 0.01+0.05

−0.00

40 – 54 1.07 ± 0.02+0.00
−0.06 0.85 ± 0.01+0.06

−0.00

54 – 73 1.04 ± 0.03+0.00
−0.07 0.87 ± 0.03+0.07

−0.01

73 –200 1.05 ± 0.05+0.00
−0.08 0.83 ± 0.04+0.18

−0.00

and herwig v6.510 + jimmy v4.31 with the measure-
ments. These event generators describe jets through a
parton shower using the approximation that parton emis-
sions are soft or collinear. For the hard qq̄ → Z/γ∗

scattering, both generators use µF = MZ . For the
parton shower, theoretical arguments favor the choice
µR = a × prel

T , with prel
T being the relative transverse

momentum between the daughter partons in each 1 → 2
parton splitting [26]. This choice of µR is adopted in both
herwig and pythia, with a = 1.0 being used in herwig
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FIG. 3: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the third jet in Z/γ∗+3 jets+X events, compared to the predictions

of mcfm lo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions corrected to the
particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching matrix-elements
to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization scales by a factor
of two.

using the CKKW prescription [29]. For sherpa, both
the factorization and the renormalization scales are given
by the CKKW prescription. For all three pjet

T spectra,
alpgen+pythia predicts lower production rates than
observed in data, but the shapes of the spectra are well
described. sherpa predicts a less steeply falling lead-
ing pjet

T spectrum than seen in data, leading to disagree-

ments above 40 GeV. For the sub-leading pjet
T spectra,

sherpa predicts higher production rates than observed
in data, but the shapes are well described. In agree-
ment with Ref. [30], both alpgen+pythia and sherpa

are found to show a sensitivity to the choice of scales
which is similar to that of a LO pQCD prediction, re-
flecting a limited predictive power. For the leading jet
at pT = 100 GeV, the prediction of sherpa with both
scales shifted down by a factor of two is about three times
higher than the alpgen+pythia prediction with both
scales shifted up. This reflects both the size of the scale
uncertainties and the difference in the central prediction
between the two event generators. For alpgen+pythia,
good and simultaneous agreement with data for all three
leading jets is achieved through scaling µF and µR down

by a factor of two from the default values. For sherpa,
an improved description of data is achieved by scaling µF

and µR up by factor of two, but remaining disagreements
with the measurements are seen for the leading jet below
∼ 40 GeV.

In summary, we have presented new measurements
of differential cross sections for Z/γ∗(→ e+e−)+jets+X
production in pp̄ collisions at a center-of-mass energy of
1.96 TeV using a data sample recorded by the D0 de-
tector corresponding to 1.04 ± 0.06 fb−1. The measure-
ments are binned in the pT of the N th jet, using events
containing at least N = 1, 2, or 3 jets, and are nor-
malized to the measured inclusive Z/γ∗(→ e+e−) + X
cross section. Predictions of mcfm at NLO, corrected
to the particle level, are found to be in good agree-
ment with data and have a significantly smaller scale
uncertainty than mcfm at LO. The parton-shower based
herwig and pythia Tune QW event generator models
show significant disagreements with data which increase
with pjet

T and the number of jets in events. The newer
pT -ordered shower model in pythia gives a good descrip-
tion of the leading jet, but shows no improvement over

= 1 jet = 2 jets = 3 jets

exclusive Z: NLO does good job

parton shower-based generators disagree in both shape and normalization
Matrix Element plus showering be"er
(also µµ)
!*9&/52.&86&10--73

DØ
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HCP - Vector Boson + jets measurements at the Tevatron - November 16, 2009

W+jets - up to 3 jets

• MCFM: NLO, no shower

• MLM: Alpgen+Herwig+MLM matching

• SMPR: Madgraph+Pythia+CKKW matching

13

NLO does excellent job of 
modeling jet pT shape and 
normalization for <=2 jets

MLM fails, especially at low pT
SMPR does better job at high n-jet

! = .32/fb

W! e" + jet + X
electron ET > 20 GeV
electron |#| < 1.1
neutrino ET > 30 GeV
 W MT > 20 GeV/c2

! Phys. Rev. D 77, 011108(R) (2008)  arXiv.org:0711.4044

Jet Transverse Energy [GeV]
0 50 100 150 200 250 300 350

[p
b/

G
eV

]
T

/d
E

d

-510

-410

-310

-210

-110

1

10

CDF Run II Preliminary n jets) + e(W
CDF Data  -1dL =  320 pb

W kin:  1.1| e 20[GeV]; | e
T E

 30[GeV] T]; E2 20[GeV/c W
T M

Jets: |<2.0JetClu R=0.4; |
hadron level; no UE correction

LO Alpgen + PYTHIA
 normalized to DataTotal 

jetst1

jetnd2

jetrd3

jetth4 inclusive W: NLO does good job

a tough measurement by CDF

phase space is carefully limited:
ET(e) > 20 GeV
|" (e)| < 1.1
ET(!) > 30 GeV
mT(W) > 20 GeV

CDF

systematics:  low pT, jet energy scale
   high pT, background

!'4&55.&-,,,-21'3&10--23

Again, NLO works well.
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7

To study whether bremsstrahlung photons have dif-
ferent selection efficiencies from direct photons, we ex-
tracted them from dijet events simulated with pythia.
We found that they do not produce a noticeable change
of the selection efficiencies, acceptance and shape of the
photon ANN output that have been obtained with direct
photons.

The differential cross section d3σ/dpγ
T dyγdyjet for the

process pp̄ → γ + jet + X is obtained from the num-
ber of data events in each interval, after applying correc-
tions for background, efficiency, and acceptance effects,
divided by the integrated luminosity and the widths of
the interval in the photon transverse momentum, photon
rapidity, and jet rapidity. The data are also corrected for
pT bin-migration effects which result from the finite en-
ergy resolution of the EM calorimeter using an analytical
Ansatz method [33] and the measured EM energy resolu-
tion determined from the Z boson peak. The correction
factors range from (1–5)% with about a 1% uncertainty.

The total (δσexp
tot ) and main sources of experimental

systematic uncertainty are shown for the |yjet| < 0.8,
yγ ·yjet > 0 region in Fig. 5. Similar uncertainties are
found for the other measured regions. The largest uncer-
tainties are assigned to the purity estimation [(10–4)%],
photon and jet selections [(7.7–5.2)%], photon energy
scale [(4.2–6.0)%], and the integrated luminosity (6.1%).
The uncertainty ranges above are quoted with uncer-
tainty at low pγ

T first and at high pγ
T second. The system-

atic uncertainty on the photon selection is due mainly to
the anti-track match cut (3%), a correction due to ob-
served data/MC difference in the efficiency of the main
photon selection criteria found from Z→ee events [(1.5–
2)%], the photon vertex pointing requirement (2%), the
ANN cut (2%), and the uncertainty on the parameterized
photon selection efficiency (<1%). The total experimen-
tal systematic uncertainty for each data point is obtained
by adding all the individual contributions in quadrature.

The result for each region is presented as a function
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FIG. 5: The total and main sources of systematic uncertainty
for the cross section measured in the |yjet|< 0.8, yγ ·yjet > 0
rapidity region.
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FIG. 6: The measured differential pp̄ → γ + jet + X cross
section as a function of pγ

T for the four measured rapidity
intervals. For presentation purposes, the cross section results
for central (|yjet| < 0.8) jets with yγ ·yjet > 0 and for forward
(1.5 < |yjet| < 2.5) jets with yγ ·yjet > 0 and yγ ·yjet < 0
are scaled by factors of 5, 0.1 and 0.3, respectively. The data
are compared to the theoretical NLO QCD predictions using
the jetphox package [36] with the CTEQ6.5M PDF set [20]
and renormalization, factorization and fragmentation scales
µR = µF = µf = pγ

T f(y").

TABLE I: Differential cross sections d3σ/dpγ
T dyγdyjet and un-

certainties for the |yjet|<0.8, yγ ·yjet > 0 rapidity interval.

pγ
T bin 〈pγ

T 〉 Cross section δσstat δσsyst δσexp
tot

(GeV) (GeV) (pb/GeV) (%) (%) (%)
30 – 34 31.9 3.08×101 0.2 14.2 14.2
34 – 39 36.3 1.74×101 0.3 13.1 13.1
39 – 44 41.3 9.76×100 0.4 12.4 12.4
44 – 50 46.8 5.60×100 0.5 11.9 11.9
50 – 60 54.6 2.76×100 0.6 11.5 11.5
60 – 70 64.6 1.24×100 0.9 11.0 11.0
70 – 80 74.7 6.25 ×10−1 1.2 10.8 10.9
80 – 90 84.7 3.32 ×10−1 1.7 10.6 10.7
90 – 110 99.0 1.51 ×10−1 1.8 10.6 10.7
110 – 130 119.1 5.79 ×10−2 2.9 10.5 10.9
130 – 150 139.2 2.56 ×10−2 4.3 10.7 11.5
150 – 170 159.3 1.17 ×10−2 6.5 10.9 12.7
170 – 200 183.6 5.80 ×10−3 7.6 11.0 13.3
200 – 230 213.8 2.33 ×10−3 11.8 11.0 16.1
230 – 300 259.5 7.25 ×10−4 13.8 10.7 17.5
300 – 400 340.5 7.96 ×10−5 35.3 10.9 36.9

of pγ
T in Fig. 6 and Tables I–IV. The data points are

plotted at the value 〈pγ
T 〉 for which a value of the smooth

function describing the cross section equals the average
cross section in the bin [34]. The data cover six orders of
magnitude in the cross section for events with |yjet|<0.8,
falling more rapidly over four orders of magnitude for
events with 1.5< |yjet|<2.5.
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7.8% is overall normalization uncertainty
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FIG. 7: The ratios of the measured triple-differential cross section, in each measured interval, to the NLO QCD prediction using
jetphox [36] with the CTEQ6.5M PDF set and all three scales µR,F,f = pγ

T f(y"). The solid vertical line on the points shows
the statistical and pT -dependent systematic uncertainties added in quadrature, while the internal line shows the statistical
uncertainty. The two dotted lines represent the effect of varying the theoretical scales by a factor of two. The shaded region is
the CTEQ6.5M PDF uncertainty. The dashed and dash-dotted lines show ratios of the jetphox predictions with MRST 2004,
Alekhin, and ZEUS 2005 to CTEQ6.5M PDF sets. Systematic uncertainties have large (> 80%) pγ

T bin-to-bin correlations.
There is a common 7.8% normalization uncertainty that is not shown on the data points.

The data are compared to next-to-leading order (NLO)
QCD predictions obtained using jetphox [35, 36], with
CTEQ6.5M PDF [20] and BFG fragmentation func-
tions of partons to photons [37]. The renormalization,
factorization, and fragmentation scales (µR, µF , and
µf ) are set equal to pγ

T f(y"), where f(y") = {[1 +
exp(−2|y"|)]/2}1/2 and y" = 0.5(yγ − yjet) [38]. The
theoretical predictions include selection criteria on the
photon and jet similar to those applied in the experi-
mental analysis. In particular, an isolation requirement
on the photon of [Etotal(R = 0.4) − Eγ ]/Eγ < 0.07 is
made, where Etotal(R = 0.4) is the total energy around
the photon in a cone of radius R = 0.4, and Eγ is the
photon energy. This requirement suppresses the relative
contribution from photons produced in the fragmentation
process, and leads to a more consistent comparison with
the experimental result. Corrections for the underlying

event and parton-to-hadron fragmentation contributions,
estimated using pythia, are found to be negligibly small
and are not included. To make a more detailed compar-
ison, the ratio of the measured cross section to the NLO
QCD prediction is taken in each interval and the results
are shown in Fig. 7. The inner error bars reflect the
statistical uncertainty only, and the outer error bars are
the total statistical and pT -dependent systematic uncer-
tainties summed in quadrature. Most of these systematic
uncertainties, associated with the parametrizations of the
photon and jet selection efficiencies, purity (including
the uncertainty from the pythia fragmentation model),
photon pT correction, and calorimeter energy scale, have
large (> 80%) bin-to-bin correlations in pγ

T . Systematic
pγ

T -independent uncertainties from the luminosity mea-
surement, photon selection efficiency caused by the anti-
track matching, ANN and photon vertex pointing, ac-

γ inclusive: LO does less well in pt-eta 

many graphs and significant backgrounds

DØ
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HEAVY FLAVOR PHYSICS

SEARCHES FOR NEW 
STATES

HIGH-STATISTICS 
TESTS OF CPV

PRECISION 
PARAMETERS
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2% of anything happening

Jets

Heavy Flavor

W
Z

Wg Zg

WW
tt WZ Single

Top
ZZ

Higgs

exotic B 
Baryons

est. 2006
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HEAVY FLAVOR

PROCESSES
b-Baryon discoveries
b-Baryon lifetimes
b-Baryon production rates
excited L=1 B mesons
charmonium-like states

 Boxes and Penguins!
 FCNC

CPV

26

b 

b 
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B-BARYONS

STRICTLY A FERMILAB TARGET

27

!b(*) ± " #b $ ±, %
        #b " #c $ ±, #c " p & $ %CDF

trigger on J/#

"b
(bdd,u)

15.2 ± 4.4

61 ± 10

Mass:   5790.9 ±2.6 ± 0.8 MeV/c2

CDF

DØ

both significance > 5!
Mass:   5774 ±11(stat) MeV/c2

#b
(bsd,s)
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B-BARYONS

STRICTLY A FERMILAB TARGET

28

DØ

Number of events:  15.2 ± 4.4

Mass:   5774 ±11(stat) MeV/c2
significance > 5!

Mass:   6165 ±10 ±11 MeV/c2

unbinned max likelihood fit
significance  5.05 σ  
DØ increasing data set

17.8 ±4.9

trigger on J/#

!'*&,-,.&0:0--0&10--23

CDFMass:   6054.4 ± 6.8 ± 0 .9 MeV/c2  

Mass fit : significance  4.9 σ

Combined mass and lifetime fit:
significance  5.5 σ

12 ± 4

!"#$&'()&42-.&-50--:&10--73

$b
(bss) These results differ by 6%

M(#b ): DØ > CDF
M($b ): DØ < CDF
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B BARYONS

LIFETIMES
universal to the heavy quark
differences due to spectators

29

SOMETHING NEW?
unknown composition

2.7 fb-1

14 ± 5 signal events
m = 4143  ± 2.9 ± 1.2 MeV/c2

! = 11.7 +8.3 - 5.0 ± 3.7 MeV/c2

the Y(3930) prompted a 
search for others

CDF
preliminary

Saturday, December 19, 2009



tevatron 2009.12.17

CPV IN BS SYSTEM 

SEARCHING FOR TINY CPV EFFECTS IN BS SYSTEM
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B0s

B0s

J/#-$ i
d

dt




B0

s

B̄0
s



 =




M − iΓ

2 M12 − iΓ12
2

M∗
12 −

iΓ∗12
2 M − iΓ

2








B0

s

B̄0
s





|BH

s
> = a|B0

s
> + b|B̄0

s
>

|BL

s
> = a|B0

s
> − b|B̄0

s
>

∆Ms = MH −ML ∼ 2M12

∆Γs = ΓL − ΓH ∼ 2|Γ12|cosφ

B0
s → J/ψ + φ→

FITS TO ANGULAR 
DISTRIBUTIONS

CP-even (!L)

CP-odd (!H)

Vts Vtb

Vcs Vcb

Vus Vub %s

~0.02 (SM)
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CPV IN BS SYSTEM 

RESULT IS COMPLICATED EMBEDDING OF !s  WITH %S 
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!" #$ %&'()*+,
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         Lifetime fit

τ(B0
s ) = 1.53± 0.04± 0.01 ps
Γ = 0.02± 0.05± 0.01 ps−1

τ(B0
s ) = 1.487± 0.060± 0.028 ps

∆Γ = 0.02+0.072
−0.078 ± 0.006 ps−1
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FIG. 3: An example of adjusting the likelihood ratio value in each scan to correspond to expected Gaussian uncertainties
according to relevant coverage.

and gives confidence in the correctness of the present procedure.

FIG. 4: Adjusted two-dimensional profile likelihood as confidence contours of βJ/ψφ
s and ∆Γs for CDF’s analysis using 2.8 fb−1

of data (to be compared to Fig. 11 of Ref. [4]). The Standard Model expectation and uncertainty is indicated by the black line.
The region allowed in new physics models given by ∆Γs = 2|Γ12| cos φs (i.e., CP violation in the interference between mixing
and decay amplitudes) is also shown (light green band).

Figure 5 shows the same adjusted CL contours for DØ, both with and without systematic uncertainties included,
as described above. Note that these results allow the strong phases δi to float, and are hence different from those
reported in the DØ publication [3] where weak constraints were imposed on δi.

D. Combined Result

The CDF and DØ two-dimensional adjusted log likelihoods are then added for a combined result shown in Fig. 6.
For this combination, the p-value at the Standard Model central point is 3.4% or 2.12σ (this takes as reference the

central predicted value of ∆ΓSM
s , without accounting for the associated theoretical uncertainty. If the lower bound

given by the theoretical uncertainty of ∆Γs = 0.096±0.039 is instead taken, the p-value is found to be 4.2% or 2.03σ).

The likelihood profile for βJ/ψφ
s alone where ∆Γs is allowed to float is shown in Fig. 7. From this, the 68% CL

interval for βJ/ψφ
s is [0.27, 0.59]∪ [0.97, 1.30] and the 95% CL interval is [0.10, 1.42]. In this projection, the p-value for

the Standard Model point is 2.0% or 2.33σ. It is worth noting that, although a correct estimate of the combined result,
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FIG. 5: Adjusted two-dimensional profile likelihood as confidence contours of βJ/ψφ
s and ∆Γs for DØ’s published analysis

using 2.8 fb−1 of data [3], but allowing strong phases, δi to float when systematic uncertainties are (a) not included, and (b)
included. (Note: systematic uncertainties on the two-dimensional profile likelihood implemented after publication, hence are
preliminary.) The Standard Model expectation and uncertainty is indicated by the black line.

this is not the most complete and optimal way to combine CDF and D0 data, being a combination of two-dimensional
slices of a much higher dimensional likelihood function. An example is the fitted value of τ̄s, that will not necessarily

be the same for CDF and DØ for any given (βJ/ψφ
s ,∆Γs) point. Work is currently ongoing towards implementing a

combined fit to the CDF and DØ data sets in all dimensions, effectively providing a combined analysis of both data
samples, thus yielding the maximum achievable sensitivity.
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and gives confidence in the correctness of the present procedure.

FIG. 4: Adjusted two-dimensional profile likelihood as confidence contours of βJ/ψφ
s and ∆Γs for CDF’s analysis using 2.8 fb−1

of data (to be compared to Fig. 11 of Ref. [4]). The Standard Model expectation and uncertainty is indicated by the black line.
The region allowed in new physics models given by ∆Γs = 2|Γ12| cos φs (i.e., CP violation in the interference between mixing
and decay amplitudes) is also shown (light green band).

Figure 5 shows the same adjusted CL contours for DØ, both with and without systematic uncertainties included,
as described above. Note that these results allow the strong phases δi to float, and are hence different from those
reported in the DØ publication [3] where weak constraints were imposed on δi.

D. Combined Result

The CDF and DØ two-dimensional adjusted log likelihoods are then added for a combined result shown in Fig. 6.
For this combination, the p-value at the Standard Model central point is 3.4% or 2.12σ (this takes as reference the

central predicted value of ∆ΓSM
s , without accounting for the associated theoretical uncertainty. If the lower bound

given by the theoretical uncertainty of ∆Γs = 0.096±0.039 is instead taken, the p-value is found to be 4.2% or 2.03σ).

The likelihood profile for βJ/ψφ
s alone where ∆Γs is allowed to float is shown in Fig. 7. From this, the 68% CL

interval for βJ/ψφ
s is [0.27, 0.59]∪ [0.97, 1.30] and the 95% CL interval is [0.10, 1.42]. In this projection, the p-value for

the Standard Model point is 2.0% or 2.33σ. It is worth noting that, although a correct estimate of the combined result,
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s and ∆Γs for DØ’s published analysis

using 2.8 fb−1 of data [3], but allowing strong phases, δi to float when systematic uncertainties are (a) not included, and (b)
included. (Note: systematic uncertainties on the two-dimensional profile likelihood implemented after publication, hence are
preliminary.) The Standard Model expectation and uncertainty is indicated by the black line.

this is not the most complete and optimal way to combine CDF and D0 data, being a combination of two-dimensional
slices of a much higher dimensional likelihood function. An example is the fitted value of τ̄s, that will not necessarily

be the same for CDF and DØ for any given (βJ/ψφ
s ,∆Γs) point. Work is currently ongoing towards implementing a

combined fit to the CDF and DØ data sets in all dimensions, effectively providing a combined analysis of both data
samples, thus yielding the maximum achievable sensitivity.
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WINDOW FOR HIGGS
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ELECTROWEAK PHYSICS

EW PROCESSES
MW:     1 fb-1 (DO & CDF) 

!W:     1 fb-1 (DO & CDF)
W AFB     4.1 fb-1 (CDF)
lepton chg A    0.7 fb-1 (e, DØ)  

     4.9 fb-1 (&, DØ) 
W chg A    1 fb-1 (CDF) 
Z rapidity    2.1 fb-1 (CDF)

W→'() ) ) ) 4.3 fb-1 (CDF)

Wγ→lνγ    ~1 fb-1(DØ)

Zγ→llγ     ~1 fb-1 (e) 2 fb-(µ ) (CDF)

WW→lνlν    1-3.6 fb-1 (DØ & CDF)

WZ→lνll    1-1.9 fb-1(DØ & CDF)

ZZ→4l    4.8 fb-1 (CDF)

Zγ       ~1 fb-1 (e) 2 fb-(µ ) (CDF)

WW+WZ→lν+jj   1.1 fb-1(DØ & CDF)

VV→MET+jj    3.5 fb-1 (CDF)

Zγγ  & ZZγ     ~2-3.6 fb-1 (DØ & CDF)

WW & WWγ    3.6 fb-1 (DØ & CDF) 

ZWW + γWW   0.7-1.1 fb-1(DØ)

35
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ELECTROWEAK PHYSICS

EW PROCESSES
MW:     1 fb-1 (DO & CDF) 

!W:     1 fb-1 (DO & CDF)
W AFB     4.1 fb-1 (CDF)
lepton chg A    0.7 fb-1 (e, DØ)  

     4.9 fb-1 (&, DØ) 
W chg A    1 fb-1 (CDF) 
Z rapidity    2.1 fb-1 (CDF)

W→'() ) ) ) 4.3 fb-1 (CDF)

Wγ→lνγ    ~1 fb-1(DØ)

Zγ→llγ     ~1 fb-1 (e) 2 fb-(µ ) (CDF)

WW→lνlν    1-3.6 fb-1 (DØ & CDF)

WZ→lνll    1-1.9 fb-1(DØ & CDF)

ZZ→4l    4.8 fb-1 (CDF)

Zγ       ~1 fb-1 (e) 2 fb-(µ ) (CDF)

WW+WZ→lν+jj   1.1 fb-1(DØ & CDF)

VV→MET+jj    3.5 fb-1 (CDF)

Zγγ  & ZZγ     ~2-3.6 fb-1 (DØ & CDF)

WW & WWγ    3.6 fb-1 (DØ & CDF) 

ZWW + γWW   0.7-1.1 fb-1(DØ)
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W/Z ARE THE STANDARD MODEL

SM STABLE ONLY ON 
3 ELECTROWEAK 
LEGS

and 2 or 3?  of them

are Fermilab objects

37

MW

MH
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h"p://www.summerofsoftware.org/SoSE2007/index.html
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MW

AMONG THE MOST CHALLENGING MEASUREMENTS AT A 
COLLIDER
controlled by the electron energy accuracy and precision
DØ scales by MZ, canceling many systematics
CDF e: uses E/p + & measurement

38

CDF

preliminary

original Run II result (200 pb-1)
M(W) = 80413 ± 34 (stat.) ± 34 (syst.) MeV = 80413 ± 48 MeV

template
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MW

39

m(Z) = 91.185 ± 0.033 GeV  (stat) m(W) = 80.401 ± 0.023 GeV  (stat)

DØ

plus comparable measurements in pT(e) and MET

0
5

,-06
/880

:8

0:

*MW(mT) = 23 ± 35 ± 12 = 37 MeV/c2

MW = 80.401 ± 0.021(stat.) ± 0.038(syst.) GeV
        = 80.401 ± 0.043 GeV

statistical
electron response
electron resolution
electron non-lin
electron E loss diff
recoil model
efficiences
backgrounds
pdf
QED
W pt

Γ(W) = 2.028 ± 0.038 (stat) ± 0.061 (syst) GeV   
            = 2.028 ± 0.072  GeV

plus width:

(SM   Γ W = 2.093 ± 0.002 GeV)
(LEP  Γ W = 2.196 ± 0.083 GeV)

Tevatron combined value w/o 
DØ Run II:
Γ W = 2.050 ± 0.058 GeV

template
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MW: SUMMARY

W & Z MEASUREMENTS 
CONSTITUTE PREMIER, 
PRECISION PHYSICS

CDF and DØ errors are correlated

GOAL IS +MW  ±25 MEV/C2 
PER EXPERIMENT

tough to beat that at LHC for 
quite a while

40

B()C>D=<&EF(G>D=H(CI&H=DIJ<K&LD=MN&"+NOPP>()(QQK%R<CF%K=)

 (GeV)Wm
80 80.2 80.4 80.6

LEP2 average  0.033±80.376 

Tevatron 2009  0.031±80.420 

D0 Run II  0.043±80.402 

D0 Run I  0.083±80.478 

Tevatron 2007  0.039±80.432 

CDF Run  II  0.048±80.413 

CDF Run 0/I  0.081±80.436 

World average  0.023±80.399 

July 09 

1fb-1: δMW  < 51 MeV/c2

10fb-1: δMW  < 29 MeV/c2
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PRODUCTION ASYMMETRIES

A BASIC SM WEAK INTERACTION PREDICTION
important for constraining pdfs

41

E.L. Berger, F. Halzen, C.S. Kim and S. Willenbrock; Phys. Rev. D40 (1989) 83

!

"
"

"

!

"
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PRODUCTION ASYMMETRIES: W

EACH EXPERIMENT TAKES A DIFFERENT APPROACH
DØ:   lepton asymmetry    A(,W)  ⊗ [V-A]
CDF:  W boson asymmetry directly

42

DØ

preliminary

CDF

preliminary

e

e

&

bins in small ET slices
experimental uncertainties 

small

disagreements presently 
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PRODUCTION ASYMMETRIES: Z

43

CDF

preliminary

Z RAPIDITY MEASUREMENT

NLO CTEQ6.1M preferred
but, story not over...
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DIBOSON PHYSICS

A HIGHLY-
CONSTRAINED SET 
OF INTERACTIONS

SM is highly predictive

Tevatron experiments have 
been tenaciously pursuing

LIKE MANY EW AND 
QCD FINAL STATES

important precision tests

crucial Higgs backgrounds

44
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DIBOSON PHYSICS

MANY CHANNELS:

W&→l-&  ~1 fb-1(DØ)

Z&→ll&    ~1 fb-1 (e) 2 fb-(µ ) (CDF)

WW→l-l-  1-3.6 fb-1 (DØ & CDF)

WZ→l-ll  1-1.9 fb-1(DØ & CDF)

ZZ→4l   4.8 fb-1 (CDF)
Z&      ~1 fb-1 (e) 2 fb-(µ ) (CDF)

WW+WZ→l-+jj 1.1 fb-1(DØ & CDF)

VV→MET+jj  3.5 fb-1 (CDF)
Z&&  & ZZ&   ~2-3.6 fb-1 (DØ & CDF)
WW & WW&  3.6 fb-1 (DØ & CDF) 
ZWW + &WW 0.7-1.1 fb-1(DØ)

45

2004

2006
2008

2008

2008
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LZ,γ = −ie[(hV
1 Fµν + hV

3 F̃µν)Zµ
(∂ρ∂ρ + M2

W )
M2

Z

Vν

+ (hV
2 Fµν + hV

4 F̃µν)Zα (∂ρ∂ρ + M2
V )

M4
Z

∂α∂µVν ]

LWWV

gWWV
= igV

1 (W †
µνWµV ν −W †

µVνWµν)

+ iκV Wmu†WνV µν

+ i
λV

M2
W

W †
λµWµ

ν V νλ

SM: gZ
1 = κV = 1, λV = hV

3,4 = 0

SM deviations: ∆gZ
1 = gZ

1 − 1,∆κV = κV − 1
∆λV = λV − 0,∆hV

3,4 = hV
3,4 − 0
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DI-BOSONS: W!, Z!

Wγ PRODUCTION
radiation zero studied by DØ 2008

47

DØ

Zγ PRODUCTION
 fit for anomalous, 
 neutral TGC

CDF: 4.6 ± 0.2 (stat) ± 0.3 (syst) ± 0.3 (lum) pb
CDF ISR region (Mllγ>100 GeV/c2): 1.2 ± 0.1 (stat) ± 0.2 (syst) ± 0.1 (lum)
NLO theory: 4.5 ± 0.4 pb
NLO theory ISR region: 1.21 ± 0.10 pbσ=14.8±1.6 (stat)±1.0 (syst)±1.0 (lum) pb

For ET(γ)>8 GeV, ∆R(γ-l)>0.7
NLO theory: 16.0±0.4 pb

CDF

preliminary

!'*&,--.&08,2-6&10--23

Z → ee ( 1 fb -1) %% (2 fb-1) 
ET(lep) > 20 GeV
M// > 40 GeV  

' V A A A V 
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ANOMALOUS  Z!, Z!!
DI-LEPTONS (CDF) AND DI-NEUTRINOS (CDF,DØ)

48

CDF

CDF D0 LEP-II

|hZ
3| <0.050 <0.033 -0.2 : 0.07

|hZ
4| <0.0034 <0.0017 -0.05 : 0.12

|hγ3| <0.051 <0.033 -0.049 : 0.008

|hγ4| <0.0034 <0.0017 -0.02 : 0.034

DØ

Z(ll)+γ and Z(νν)+γ data
Z(νν)+γ : 2 fb-1, ET(γ)>90 GeV; MET>50 GeV, 
jet & track veto

!'*&,-0.&0-,2-0&10--73

Z(νν)+γ data
3.6 fb-1, ET(γ)>90 GeV; MET>70 GeV, jet & track veto
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WW AND WZ

WW→l-l-

49

WZ→Z(ll ) l MET

DØ

CDF:  12.1 ± 0.9 (stat) +1.6 -1.4 (syst) pb
DØ:  11.5 ± 2.1 (stat+syst) ± 0.7 (lum) pb

NLO theory: 11.66 ± 0.70 pb

CDF: 4.3 +1.3-1.0(stat) ± 0.2(syst) ± 0.3(lum) pb
NLO theory: 3.7 ± 0.3 pb 

@4A&,%,&ST,O&!'*&72.,/,2-,
4-&,%-&ST,O&& !'4&5/.&,,,,-8

CDF

preliminary

!'*&,-:.&,7,2-,&10--73

CDF

preliminary

M.E.
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FIRST OBSERVATIONS

ZZ→4l  smallest !

50

VV→MET + jj

WW+WZ→ l-+jj

CDF

DØ

18.0 ± 2.8(stat) ± 2.4(syst) ±  1.1(lum) pb
NLO theory: 16.8±0.5 pb

20.2±2.5(stat)±3.6(syst)±1.2(lum) pb
NLO theory: 16.1±0.9 pb

CDF

preliminary
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COMBINED LIMITS with W

COMBINATION OF 4 
CHANNELS:
WW+WZ→l-+jj (1.1 fb-1)

WW→l-l- ) ) (1 fb-1)

WZ→l-ll   (1 fb-1)

W&→l-&   (0.7 fb-1)

51

MOST STRINGENT
TGC results
µW and QeW moments
LEP-level precision “LEP parameterization ZWW = γWW

Δk& 0.07 +0.26–.029 (= kZ) 0.04 ± 0.11

λ = λ! = λZ 0.00 ± 0.06 0.00 ± 0.06

Δg1Z 0.04 ± 0.09 NA

µW 2.02 +0.08–.009

QeW 1.00 ± 0.09

!'4&2-.&-6:-,0

1fb-1: δ Δkγ ± 0.4 
10fb-1: δ Δkγ ± 0.3

1fb-1: δ Δ λ ± 0.2 
10fb-1: δ Δ λ ± 0.1 
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1/2-WAY POINT
CONCLUSION 3

HADRON COLLIDER PHYSICS OF IVBs

IS NOW AN ULTRA-PRECISION SCIENCE
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TOP QUARK PHYSICS

PRECISION PHYSICS!

NON-SM BEHAVIOR

NARROWING THE SM 
WINDOW FOR HIGGS

53

0.00000002% of anything happening

Jets

Heavy Flavor

W
Z

Wg Zg

WW
tt WZ Single

Top ZZ

Higgs

labor of 
love

since 
1995

FNAL planted the seeds
and is currently eating it all by itself
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TOP QUARK PHYSICS

QCD PROCESSES
top mass, all channels
top cross sections, all channels
top width
Vtb - top pairs
helicity correlations
BR to W b

 di-top mass distributions
CP checks
top charge
spin decay correlations
charge asymmetry
Electroweak top quark production
single top cross sections, both channels
Vtb

55

M 

MI 
M 

^ z r y v N 

decay decay
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TOP QUARK PAIRS

JOB 1: 
CHARACTERIZATION 
OF THE TOP QUARK

production

static properties

QUANTIFYING THE 
EXPECTED & 
SEARCHING FOR 
SURPRISES

56

Photo by Reidar Hahn
Artwork by Jan Lueck
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           tT PRODUCTION

CROSS SECTION INTO VARIOUS CHANNELS
“counting experiments”
multivariate analyses

57

MI MI 

MI 

lepton+jets
dileptons
(including t channels) all jets

34% 6% 46%

c. ~ 450 %m: secondary vertex tagging, 1,2
semileptonic B decay: soft lepton in jet
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           tT PRODUCTION

CDF LEPTON + JETS, TWO COMPLEMENTARY ANALYSES
different S/B and systematics
luminosity dominates uncertainties–normalize to ! (Z theory)/! (meas Z)

58

!"#$%%&'( )*&"#$%%&'(

CDF (4.3 fb-1, mt= 172.5 GeV), b-tagged:
σ" = 7.1 ± 0.3(stat) ± 0.6(syst)  ± 0.1(Z theory) pb

CDF (4.6 fb-1, mt= 172.5 GeV), pre-tagged:
σ" = 7.6 ± 0.4(stat) ± 0.4(syst)  ± 0.1(Z theory) pb

displaced vertex b-tag
conventional counting analysis

before b-tagging
neural net analysis

counting NN, BDT

CDF
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           tT PRODUCTION

TAUS & ALL HADRONIC

59

Tau
σ"= 7.3 ± 1.3(stat) ± 1.2(syst) ± 0.5(lumi) pb 

all Jets
σ" = 7.2 ± 0.5(stat) ± 1.5(syst) ± 0.4(lumi) pb 

CDF

DØ
L

0.0 0.5 1.0

e
v
e

n
ts

/0
.0

4

0

100

200

300

400

0.0 0.5 1.0
0

100

200

300

400
DØ Run II preliminary

 -1Data, 1 fb

 Signaltt
Background

L

0.0 0.5 1.0

e
v
e

n
ts

/0
.0

4

0

100

200

300

400

L

0.0 0.5 1.0

e
v
e

n
ts

/0
.0

4

0

100

200

300

400

all Jets
σ" = 6.9 ± 1.3(stat) ± 1.4(sys) ± 0.4(lumi) pb

mt = 175 GeV

mt = 172.5 GeV

NN, BDT

NN, BDT
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           tT PRODUCTION

CHANNELS COMBINED
combining experiments in progress

60

CDFDØ

preliminary
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!
quarks leptons

top

bottom
charm

strange

updown

tau muon

electron
neutrinos

Bosons

g

172YB
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TOP QUARK MASS

lepton + jets

62

) (GeV)
top

(M
0.6 0.8 1 1.2 1.4 1.6 1.8 2

N
um

be
r o

f p
se

ud
o-

ex
pe

rim
en

ts

0

50

100

150

200

250 Mean 1.230
RMS 0.1024

1.28

lepton+jets
2D with prior
calibrated

-1DØ Run IIb Preliminary, L=2.6 fb 

 (GeV)topM
168 170 172 174 176 178 180

JE
S

0.98

0.99

1

1.01

1.02

1.03

1.04

1.05

1.06 lepton+jets with prior

-1DØ Run IIb Preliminary, L=2.6 fb 

 lnL=0.5

 lnL=2.0

 lnL=4.5

 m = 173.7 ± 0.8 (stat) ± 1.6(syst) GeV  m = 172.6 ± 0.9 (stat) ± 1.3(syst) GeV

M.E.

M.E.ME for S & B

ME for S
NN for B

NN, BDT

in-situ E( jet) cal in-situ E( jet) calpT(lep) > 20 GeV, |!|<1.1(2) e (")
NJ = 4, pT( jet) > 20 GeV |!|<2,5
at least 1 jet pT( jet) > 40 GeV
MET > 20 (25) GeV e (")

pT(lep) > 20 GeV, |!|<1
NJ = 4, pT( jet) > 20 GeV |!|<2
MET > 20 GeV 
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)2 (GeV/ctopm
150 160 170 180 190 200

0

14

CDF March’07  2.2! 1.5 !12.4 

Tevatron March’09
*

 1.1! 0.6 !173.1 
  (syst.)!(stat.)  

CDF-II trk
*

 3.0! 6.2 !175.3 

CDF-II all-j
*

 1.9! 1.7 !174.8 

CDF-I all-j  5.7!10.0 !186.0 

D0-II l+j
*

 1.6! 0.8 !173.7 

CDF-II l+j
*

 1.3! 0.9 !172.1 

D0-I l+j  3.6! 3.9 !180.1 

CDF-I l+j  5.3! 5.1 !176.1 

D0-II di-l
*

 2.4! 2.9 !174.7 

CDF-II di-l
*

 2.9! 2.7 !171.2 

D0-I di-l  3.6!12.3 !168.4 

CDF-I di-l  4.9!10.3 !167.4 

Mass of the Top Quark (*Preliminary)

/dof = 6.3/10.0 (79%)2

TOP QUARK MASS

THEY SAID IT 
COULDN’T BE DONE

ultimate FNAL top quark 
mass precision may be hard 
to beat–ever 

FUTURE PRECISION

± 1 GeV/c2 per experiment 
before systematically 
bo!oming out

63

1fb-1:    δ mt ~ ± 4 GeV/c2 
10fb-1: δ mt ~ ± 1.3 GeV/c2
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80.3

80.4

80.5

150 175 200

mH [GeV]
114 300 1000

mt  [GeV]

m
W

  [
G

eV
]

68% CL

∆α

LEP1 and SLD
LEP2 and Tevatron (prel.)

August 2009

TOP QUARK: SUMMARY, 1

64

THE HIGGS BOSON 
IS FINDING IT 
HARD

to hide.
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EW  TOP QUARK PRODUCTION  

ANTICIPATED FOR DECADES

65

AKA “Single Top”

M 

“t-channel”

M 

“s-channel”

MI 
decay
M

I 

decay
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EW  TOP QUARK PRODUCTION  

ANTICIPATED FOR DECADES

65

AKA “Single Top”

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





M 

“t-channel”

M 

“s-channel”

MI 
decay
M

I 

decay

S/B ~ 1/20!
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EW  TOP QUARK PRODUCTION  

BOTH EXPERIMENTS HAVE PUBLISHED 5! “OBSERVATION”

66

!"#$%&'()#"*$'
!+,'-'.+/'

012''''345'67/'

'''''''1"89:";"$%$<'=><?><'

Expected sensitivity: 4.5σ
Observed p-value: 2.5x10-7 : 5.0σ

Expected sensitivity: >5.9σ
Observed p-value: 3.1x10-7 : 5.0σ

!'*&,-:.&-70--,&10--73 !'*&,-:.&-70--0&10--73

M.E.

NN, BDT

M.E.

NN, BDT
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EW  TOP QUARK PRODUCTION  

CROSS SECTIONS

67

CDFDØ
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EW  TOP QUARK PRODUCTION  

COMBINED CROSS SECTIONS 
AND FIRST Vtb DETERMINATIONS

68
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EW  TOP QUARK PRODUCTION  

TAU CROSS SECTION

69

T-CHANNEL CROSS SECTION

M 

“t-channel”
MI 

decay

Expected sensitivity: 3.7σ
Observed p-value: 8.0x10-7 : 4.8σ

σs+t = 3.4 +2.0 
-1.8 (stat+syst) pb

DØ
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EW  TOP QUARK PRODUCTION  

CHANNEL SEPARATIONS
t vs s channels

70

M 

M 

CDFDØ
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1/2-WAY POINT
CONCLUSION 4

HADRON COLLIDER TOP QUARK PHYSICS

IS NOW A PRECISION SCIENCE
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TOP QUARK: SUMMARY, 2

72

Property Run II Measurement SM prediction Luminosity (fb-1)

mt CDF: 172.6 ± 0.9(stat) ± 1.2(syst) GeV
D0: 174.2 ± 0.9(stat) ± 1.5(syst) GeV

4.3
3.6

!ttbar (@mt=172.5 GeV)
!ttbar (@mt=170 GeV)

CDF: 7.50 ± 0.31 (stat) ± 0.34 (syst) ± 0.15 (lumi) pb
D0: 7.84 +0.46

-0.45 (stat)+0.66-0.54 (syst) + 0.54 
-0.46 (lumi) pb

7.4 ± 0.6 pb
8.06 +0.6 pb

4.5
1

!singletop (@mt=170 GeV) Tevatron: 2.76 +0.58 
-0.47 (stat+syst) 2.86±0.8 pb 3.2-2.3

|Vtb| Tevatron: 0.91 ± 0.08 (stat+syst) 1 3.2-2.3

!(gg->ttbar)/!(qq->ttbar) D0: 0.07+0.15-0.07(stat+sys) 0.18 1

mt - mtbar D0: 3.8 ± 3.7 GeV 0 1

!(tt!ll)/!(tt!l+jets) D0: 0.86  +0.19 
–0.17 (stat+syst) 1 1

!(tt!"l)/!(tt!ll + l+jets) D0: 0.97  +0.32 
–0.29

 (stat+syst) 1 1

!ttbar+jets (@mt=172.5 GeV) CDF: 1.6 ± 0.2 (stat) ± 0.5 (syst) 1.79+0.16 -0.31 pb 4.1

cτtop CDF: 52.5"m @ 95%C.L. 10-10 "m 0.3

#top CDF: <13.1 GeV @ 95%C.L. 1.5 GeV 1

BR(t->Wb)/BR(t->Wq) CDF: >0.61 @ 95% C.L.
D0: 0.97  +0.09 

–0.08 (stat+syst)
1 0.2

0.9

F0 CDF: 0.62 ± 0.11
D0: 0.490  ±0.106 (stat) ±0.085 (syst)

0.7 2
2.7

F+ CDF: -0.04 ± 0.05
D0: 0.110  ±0.059 (stat) ±0.052 (syst)

0.0 2
2.7

Charge CDF: - 4/3 excluded with 87% C.L.
D0: 4e/3 excluded at 92% C.L.

2/3 1.5
0.37

Spin correlations CDF: # = 0.32 + 0.55 - 0.78, -0.46 < K < 0.87 @ 68%C.L.
D0: # = –0.17  +0.65 

-0.53 (stat + syst)
0.78 -0.022 

+0.027 2.8
4.2

Charge asymmetry CDF: 0.19 ± 0.07(stat) ± 0.02(syst) %
D0: 12   ± 8 (stat) ± 1 (syst) %

0.05 +- 0.015 3.2
0.9

Florencia Canelli, LP
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BEYOND THE SM PHYSICS

WELL...EVERYTHING 
NON-STANDARD

SUSY-inspired searches

U(1)’ or SU(2)’ inspired 
searches

THIS SPACE IS HUGE

just a few results

73

< 0.00000002% of anything happening

Jets

Heavy Flavor

W
Z

Wg Zg

WW
tt WZ Single

Top
ZZ

Higgs

Saturday, December 19, 2009



tevatron 2009.12.17

BEYOND THE STANDARD MODEL

BSM PROCESSES

Z’

W’

WW

WZ 

chargino-neutralino production

trilepton mode

heavy/light

heavy gaugino searches

squark/gluino searches

squark production into taus

stop searches

sneutrino searches

GMSB limits

“hidden valley”

“dark photons”

compositeness

75

A. 

=̂6 

^ ^ 

. 

^r-— ̂  
JLI-^ï -
— — — - - — X 

— v 

ì — € 
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1 ' i 
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BSM 

PROCESSES

Z’

W’

WW

WZ 

chargino-neutralino 

production

trilepton mode

heavy/light

heavy gaugino searches

squark/gluino searches

squark production into 

taus

stop searches

sneutrino searches

GMSB limits

“hidden valley”

“dark photons”

compositeness

BEYOND THE STANDARD MODEL

76
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WAKEUP LITTLE SUSY, WAKE UP
MANY WAYS: HERE, THE CLASSICAL 
ANALYSIS
R-parity-conserving, MSSM chargino-neutralino search

77

D0 (2.3 fb-1)
M(χ±)>138 GeV/c2

X 

CDF (3.2 fb-1)
M(χ±)>164 GeV/c2

UMVWJ+(X&>=&!*9
Y(NT(ZP-7-,%-/8/

DØ

CDF

preliminary

CDF

DØ
2fb-1: δm(χ±) > 200 Gev/c2
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STOP IN THE NAME OF LOVE

A SQUARK SEARCH: A FERMILAB TARGET
light stop squark (mstop < mtop) & heavier stop

78

Results at large ∆m=m(stop)-m(sneutrino)
D0 (3.1 fb-1): m(stop)>200 GeV  
CDF (1 fb-1): m(stop)>180 GeV   

— v 

DØ

2fb-1: δm(stop) > 130 Gev/c2
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LEAVING ON A JET(S) PLANE?

NO HINTS
of anything new

79

http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/QCD/Q14/ 

Phys. Rev. D 79, 112002 (2009) 
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EVERYBODY GET TOGETHER

EXPANDING THE U(1) SECTOR–BUMP-HUNTING

80

Search for High Mass ee resonances 
2.5 fb-1

PRL 102, 031801(2009)

3.6 fb-1

2 central (| | <1.1)  EM  
clusters  with track match

(ET > 25 GeV)

the 2.5 excess observed by CDF  around 240 GeV not confirmed by D0

Main BG   Z/ * ee

1 electron in central (| | <1.1), 
2nd either central or forward 

(ET>25 GeV)
If both central : opposite charge 

DØ

CDF

Search for High Mass ee resonances 
2.5 fb-1

PRL 102, 031801(2009)

3.6 fb-1

2 central (| | <1.1)  EM  
clusters  with track match

(ET > 25 GeV)

the 2.5 excess observed by CDF  around 240 GeV not confirmed by D0

Main BG   Z/ * ee

1 electron in central (| | <1.1), 
2nd either central or forward 

(ET>25 GeV)
If both central : opposite charge 

DØ

CDF

Limits on q q Z’ e e 

Obs. 95% C.L  lower limits on Z’ masses (GeV)

Z’ model Z’SM Z’ Z’ Z’ Z’I Z’seq. Z’N

CDF 963 851 862 930 735 792 837

D0 950 763 800 810 692 719 744

DØ

3.6 fb-1 2.5 fb-1

PRL 102,031801(2009)
Limits on q q Z’ e e 

Obs. 95% C.L  lower limits on Z’ masses (GeV)

Z’ model Z’SM Z’ Z’ Z’ Z’I Z’seq. Z’N

CDF 963 851 862 930 735 792 837

D0 950 763 800 810 692 719 744

DØ

3.6 fb-1 2.5 fb-1

PRL 102,031801(2009)

2fb-1: δm(Z’) > 900 Gev/c2

10fb-1: δm(Z’) > 1200 Gev/c2
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EVERYBODY GET TOGETHER

EXPANDING THE U(1) SECTOR–ASYMMETRIES

81

500 GeV Z’

Rosner PRD 54, 1078 (1996)

M(ee) GeV/c2

AFB

CDF

preliminary

6

sensitive to the couplings of the Z to light quarks, agree
well with predictions. With about 8 fb−1 of data ex-
pected by the end of Run II, a combined measurement of
AFB by the CDF and D0 collaborations using electron
and muon final states could lead to a measurement of
sin2 θeff

W with a precision comparable to that of the current
world average. Further improvements to current MC gen-
erators, incorporating higher order QCD and electroweak
corrections, would enable the use of such measurement in
a global electroweak fit.

 (GeV)eeM
100

FB
A

-0.5

0

0.5

50 70 100 300 500

PYTHIA
ZGRAD2

Statistical uncertainty
Total uncertainty

/d.o.f. = 10.6/142!
DØ 1.1 fb-1

FIG. 1: Comparison between the unfolded AFB (points) and
the pythia (solid curve) and zgrad2 (dashed line) predic-
tions. The inner (outer) vertical lines show the statistical
(total) uncertainty.
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and NSF (USA); CEA and CNRS/IN2P3 (France);
FASI, Rosatom and RFBR (Russia); CNPq, FAPERJ,
FAPESP and FUNDUNESP (Brazil); DAE and DST
(India); Colciencias (Colombia); CONACyT (Mexico);
KRF and KOSEF (Korea); CONICET and UBACyT
(Argentina); FOM (The Netherlands); STFC (United
Kingdom); MSMT and GACR (Czech Republic); CRC
Program, CFI, NSERC and WestGrid Project (Canada);
BMBF and DFG (Germany); SFI (Ireland); The Swedish
Research Council (Sweden); CAS and CNSF (China);
and the Alexander von Humboldt Foundation.

[a] Visitor from Augustana College, Sioux Falls, SD, USA.
[b] Visitor from The University of Liverpool, Liverpool, UK.
[c] Visitor from ICN-UNAM, Mexico City, Mexico.
[d] Visitor from II. Physikalisches Institut, Georg-August-

University, Göttingen, Germany.

Mee range �Mee� Predicted AFB Unfolded AFB(GeV) (GeV) pythia zgrad2
50− 60 54.5 −0.293 −0.307 −0.262± 0.066± 0.072
60− 70 64.9 −0.426 −0.431 −0.434± 0.039± 0.040
70− 75 72.6 −0.449 −0.452 −0.386± 0.032± 0.031
75− 81 78.3 −0.354 −0.354 −0.342± 0.022± 0.022
81− 86.5 84.4 −0.174 −0.166 −0.176± 0.012± 0.014

86.5− 89.5 88.4 −0.033 −0.031 −0.034± 0.007± 0.008
89.5− 92 90.9 0.051 0.052 0.048± 0.006± 0.005

92− 97 93.4 0.127 0.129 0.122± 0.006± 0.007
97− 105 99.9 0.289 0.296 0.301± 0.013± 0.015

105− 115 109.1 0.427 0.429 0.416± 0.030± 0.022
115− 130 121.3 0.526 0.530 0.543± 0.039± 0.028
130− 180 147.9 0.593 0.603 0.617± 0.046± 0.013
180− 250 206.4 0.613 0.600 0.594± 0.085± 0.016
250− 500 310.5 0.616 0.615 0.320± 0.150± 0.018

TABLE I: The first column shows the mass ranges used. The
second column shows the cross section weighted average of
the invariant mass in each mass bin derived from pythia.
The third and fourth columns show the AFB predictions from
pythia and zgrad2. The last column is the unfolded AFB ;
the first uncertainty is statistical, and the second is system-
atic.

[e] Visitor from Helsinki Institute of Physics, Helsinki, Fin-
land.

[f] Visitor from Universität Zürich, Zürich, Switzerland.
[‡] Deceased.
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sin2/W = 0.2321 ± 0.0018 ± 0.0006
pdfs: 0.0005, E(e) scale: 0.0003

PRL 101, 191801 (2008)

DØ

1fb-1: δsin2/W  ~ 0.001
10fb-1: δsin2/W  ~ 0.00032
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1/2-WAY POINT
CONCLUSION 5

THE HADRON COLLIDER ZOO BECOMES MORE AND 
MORE CONSTRAINED
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RUN 2 MAY ONLY BE HALF-WAY OVER!

83

results to this point, 
~5 fb-1

7/2010
3/2011

8/2011

11

12

13

14

!
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THE FUTURE CONTINUES...
TO HAPPEN!

84

CDF and DØ:
continue to monitor and 
extrapolate Si trackers:
Both find that inner layers show few 
% failure, but recover
Both extrapolate acceptable 
tracking efficiencies to 12 fb-1  

Physicist-power:
Seeing ~10%/year a"rition

Computing:
available for 5 years after close of 
Tevatron operations
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TEVATRON
1/2-WAY POINT
CONCLUSIONS

THE TEVATRON COLLIDER IS A JEWEL

1. Never bet against a laboratory’s accelerator division
2. Lots of data always make you smarter.
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