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TevatronTevatron: Proton: Proton--antiproton Colliderantiproton Collider

World highest energy collider

Substantial upgrades for Run II: 2001-2010

10% energy increase: 30% higher σ

1.96 TeV center of mass energy

10% energy increase: 30% higher σtop

integrated luminosity increase: x100

Energy and luminosity

Run IIbRun IIaRun I

Energy and luminosity

Nevents (sec-1) = σ(Ε) L×

3 ×10329 ×10311.6 ×1030Typical L (cm-2s-1)

1.961.961.8√s (TeV)

36 ×3636 × 366 × 6Bunches in Turn

Run IIa Run IIb

82.32.5Interactions/ crossing

3963963500Bunch crossing (ns)

50173∫ Ldt (pb-1/week)
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Run I Run IIa Run IIb
0.1 fb-1          ~1fb-1 ~9 fb-1



TevatronTevatron PerformancePerformance

• Peak luminosity is 3 4 1032 cm-2sec-1 5 5 fb-1• Peak luminosity is 3.4.1032 cm 2sec 1

– A lot of anti-protons made!
• Reliable operation of very complex accelerators

– In stores ~120 hours/week
T l 5 5 fb 1 d li d i R II

5.5 fb 1

• Total  5.5 fb-1 delivered in Run II
– Better than expected!

Integrated Luminosity vs Fiscal Year
Peak Luminosity

FY2009FY2009

3
Performance continues to improve!
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TevatronTevatron Physics Physics GoalsGoals
Precision tests of the Standard Model

– Weak bosons, top quark, QCD, B-physics…
Search for particles and forces beyond those known

– Higgs, supersymmetry, extra dimensions….

Driven by these 
goals, the detectors Fundamental questionsg ,

emphasize  

Electron, muon and
tau identification

Quark sub-
structure?

Origin of mass?tau identification

Jets and missing 
transverse energy

Origin of mass?

Matter-antimatter 
asymmetry?

What is cosmic dark 
? SUSY?

Flavor tagging 
through

displaced vertices

matter? SUSY?

What is space-time 
structure? Extra 
dimensions?…
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displaced vertices



The DØ CollaborationThe DØ Collaboration
DØ is an international collaboration of 

550 physicists from 18 nations who have designed built and operate the550 physicists from 18 nations who have designed, built and operate the 
DØ detector at the Tevatron and perform data analysis

Institutions: 90 total, 39 US, 51 non-US

Collaborators:
50% f US i tit ti

5

~ 50% from non-US institutions
with strong European involvement

~ 110 postdocs, 120 graduate students
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October 2007



• DØ experiment is smoothly recording high quality 

Data CollectionData Collection

physics data 
– Typical week ~50 pb-1

• On average 92% data taking efficiency 
• As of today DØ has ~4.9 fb-1 on tapesPreliminary Results

– Was ~2.8 fb-1 on tapes at 2007 RAS meeting
– All detectors functioning wellMany results published

Most results published

December 20082002

• Radiation doses of the inner silicon layer are y
reaching Mrads levels

• Carefully monitoring silicone performance
• Layer 1 (one out of 5 layers) will become under 

depleted after ~8 fb-1
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• All other layers are far from been affected
• No deterioration of tracking performance is 

expected for well above 8 fb-1



arXiv:0802.2400 [hep-ex]

Use partons scattering to study proton structure

QCD StudiesQCD StudiesInclusive jet cross sections 

Use partons scattering to study proton structure
Quarks sub-structure? Rutherford style experiment

Measure QCD parameters and structure functions
Determine Jet Energy Scale

Critical for top mass and Higgs searchesCritical for top mass and Higgs searches
Understand the backgrounds to physics beyond Standard Model

• Inclusive jet cross sections are 
measured in the widest kinematic 
region

– In rapidity and transverse 
tmomentum

• Best statistical and systematic errors
– Excellent jet energy scale is 

critical
8 d f it d h

• Ratio of data/theory does not demonstrate 
major deviations• 8+ orders of magnitude σ changes

• In general agreement with pQCD
predictions
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major deviations
– Within PDF uncertainties

• Small experimental uncertainties provide 
opportunity to improve PDFs



Measurement of Angular Measurement of Angular didi--jet Correlationsjet Correlations
Angular correlations between jets are not sensitive 

to precision energy measurements while reflect
h d i f i i

• Di-jet angular distributions in bins of di-jet mass

the dynamics of an interaction
New Physics could manifest itself in these distributions!

*

*

21 cos1
cos1)exp(

θ
θχ

−
+

≈−= yydijet cos1 θ

yi = jet rapidity

• First differential cross section measurement at partonic 
energies >1 TeV

• Small experimental and theoretical uncertainties
• New Physics 95% CL exclusion limits

Compositeness (λ=+1): Λ>2.6 TeV

ADD extra-dimensions (n=4): M >1.6 TeV
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ADD extra dimensions (n=4): Ms>1.6 TeV

TeV-1 extra-dimensions: Mc>1.4 TeV



Top Quark StudiesTop Quark Studies
Heaviest known elementary particle: 172 GeV l+

Top Mass W helicity

Anomalous 
Couplings

Top Width

measure properties of the least known quark
mass, charge, decay modes, etc. 

data sets of 100’s of top quarks exist
p

W+

ν

Production 
cross-section

Resonant 
production

Couplings

CP violation

Top Spin

Top Charge

short life time: probe bare quark 

Top quark cross sections
in multiple channels

p t
b

t b

X

Production 
kinematics

Top Spin 
Polarization _ _

_

p t

W−

q

q’

olar zat on

Branching Ratios

Rare/ non SM Decays

_

Search for charged H+ in 
t d

|Vtb|

top decays
t→H+b: channels 

affected differently 
depending on H+

decay modes
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decay modes
• Tauonic H+ ?
• Tight limits set



Top Quark Mass MeasurementTop Quark Mass Measurement
• Top mass is measured using decay 

products in many different channels

DØ top quark mass results

Systematic error 
(mainly jet energy scale) 

is becoming limiting accuracy 
factor

p y
• Lepton+jets channel with two jets 

coming from W is the most precise

DØ  top quark mass results

DØ and CDF combined top mass result    
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p
mt = 172.4±1.2 GeV

0.7% accuracy
Best (of any) quark mass measurement! 



Search for New Physics in Top Quark SectorSearch for New Physics in Top Quark Sector
• In the Standard Model top decays before 

hadronization
Heavy t’ quark search in the top samples in 

t’t’→WqWq
• Theories beyond Standard Model predict 

existence of resonances
– In top-colour assisted technicolour

leptophobic heavy boson couples 

t t →WqWq

Lepton + jets

mainly to 3rd generation
• Search for narrow resonance optimised at 

high masses
– Using reconstructed 4-momenta of 

t t ktwo top quarks

Excess?!
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Excess in 400-450 GeV region is not (yet?) significant CLGeVmt     %95@311' >



Electroweak PhysicsElectroweak Physics
Indirectly constrain new physics through precision measurements of electroweak parameters

Measure single and multi-boson production W mass W production asymmetry forward-backward asymmetryMeasure single and multi boson production, W mass, W production asymmetry, forward backward asymmetry 
in Z production, …

Leptonic decay modes of W/Z are used as hadronic modes are overwhelmed by QCD backgrounds

Electrons from W decays asymmetryElectrons from W decays asymmetry

• W charge asymmetry in W eν decay 
studied
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studied
• Errors (mainly statistical) are small and 

result provides input for PDFs constrains



Studies of Studies of didi--boson Productionboson Production
Detect very rare SM processes, search for anomalous vector boson couplings and 

develop experimental methods for Higgs hunting  

Analysis with Z decaying to llνν or four leptons
Events with four charged leptons in final state are rather striking!

Channel 4e 4μ 2e+2μ All 
channels

Run IIb

Signal 0.45 0.60 1.08 2.13

Total background 0.05 0.0003 0.095 0.14

Expected    Observed

Observed events 2 1 0 3

P-value:             1.3x10-4 2.9x10-8

Significance:        3.6σ 5.4σ

First observation of ZZ production!

Al d bli h d i Ph i l R i L tt L

• ZZ is the smallest SM di-
boson cross section:
σ(ZZ)=1.6 ± 0.1 pb 
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Already published in Physical Review Letters. Less 
than two months from analysis to publication!

( ) p
• On the road to Higgs
• Sensitive to New Physics

Ivan Razumov talk on parallel session Thursday



b Quark Studiesb Quark Studies
High b quark cross section: ~10-3 σtot

~104 b’s per second produced!~104 b s per second produced!
All b containing species are produced

B±, B0, Bs, Bc, Λb…

Large b quark data samples provide
• B mesons lifetime studies
• Mass spectroscopy (Bc, etc.)
• Studies of Bs oscillations
• CP violation studies• CP violation studies
• Search for new b hadrons
• Search for rear decays

Combination of CDF and DØ 

Studies of CP violation using
time-dependent angular 
analysis in flavor-tagged                    
Bs →J/ψφ decays

measurements
2.2σ deviation from the SM for now…

Bs meson allows to probe the entire matrix
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~ -0.04



Rare DecaysRare Decays

Combined result is only ~10 times above SM
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Limits on Bd decays competitive with B factories                 
Unique limits on Bs decays

Leonid Vertogradov talk on Omega-b baryon discovery



Search for New PhenomenaSearch for New Phenomena
One of the most natural studies is to look for New Phenomena at energy frontier machine: SUSY, 

leptoquarks, Technicolor, new exotic particles, extra dimensions…

Recipe: search for irregularities in effective mass spectra or other
kinematic parameters looking for events not described by the SM

Model or Signature based searches:

SUSY

Model or Signature-based searches: 
Final-state driven
Looking for deviations from the SM anywhere

Luminosity
1 8 fb-1

“Stable” particles

Z’ search
b’→Z+b

1 meter

Long-lived particles
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Alexei Popov talk on New Phenomena searches at DØ 



Experimental Limits on Higgs MassExperimental Limits on Higgs Mass

Available experimental limits

direct searches at LEP
MH >114 GeV at 95% C.L.

precision EW fits

LEPMH=84 +34/-26  GeV 
MH< 154 GeV (95%) or <185 GeV with direct LEP limit 

Tevatron provides:

Light Higgs favored!

e at o p o des

Precision mtop and Mw measurements

Direct searches!
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SM Higgs Production and Decays at SM Higgs Production and Decays at TevatronTevatron

Production cross sections
in the 1 pb range for gg H
in the 0.1 pb range for associated 
vector boson production

Decays
bb for MH < 130 GeV
WW for MH > 130 GeVp

Search strategy:
MH <130 GeV associated production and bb decay W(Z)H lν(ll/νν) bb

Backgrounds: top, Wbb, Zbb…
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Backgrounds: top, Wbb, Zbb…
MH >130 GeV gg H production with decay to WW

Backgrounds: electroweak WW production…



SM Higgs Search: WH SM Higgs Search: WH llννbbbb (M(MHH<130 <130 GeVGeV))

• One of the most sensitive channels in 
the ~110-130 GeV mass range

• Consider 8 independent channels
• e+jets, μ+jets
• 2, 3 jets
• 1, 2 b-tags (NN-based)

• Main background: W+b/c jets, tt
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• Dijet mass multivariate discriminant

Limits are used for DØØ combination



SM Higgs Search: H SM Higgs Search: H WW WW llννllνν (M(MHH >130 >130 GeVGeV))
Search strategy:

2 high Pt leptons and missing Et2 high Pt leptons and missing Et
WW pair comes from spin 0 Higgs:

leptons prefer to point in the same direction

W+ e
+ν

H

+

W- e-n W en

Observed and expected limits

Dmitri Denisov, RAS, December 2008 20



Standard Model Higgs SearchStandard Model Higgs Search
Combining multiple search channels DØ sets Standard Model Higgs limits 

DØ ratios to SM, observed(expected)
5.3 (4.6) @ 115 GeV
1.7 (2.3) @ 170 GeV

August 2008g
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When ratio becomes equal to one – specific Higgs mass is excluded at 95% CL



DØ and CDF DØ and CDF SM Higgs Combined LimitsSM Higgs Combined Limits

Different combination methodsExcluded mH = 170 GeV @ 95% CL ! Different combination methodsExcluded mH  170 GeV @ 95% CL !

August 2008August 2008

• First direct exclusion since LEP II
Li it ti d t l li l ith• Limits continued to scale ~linearly with 
luminosity between Moriond 2008 and ICHEP 
2008 

• Analysis improvements
• Expect to improve limits by Moriond 2009
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p p y

Tevatron demonstrated sensitivity to Higgs and from now will increase exclusion region or… find the Higgs



TevatronTevatron Luminosity ProjectionsLuminosity Projections

• Projections are based on extrapolations of theProjections are based on extrapolations of the 
current performance

• Improvements, like shorter shot setup 
time, are still coming

• We expect ~9 fb-1 delivered by the end of 2010p y
• Excellent physics program

• Many studies are statistically limited

SM Higgs Projections

2010

• With data accumulated by the end of 2010 we 
expect
• 95% exclusion possible over almost entire allowed

2009

2010SM Higgs Projections
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• 95% exclusion possible over almost entire allowed 
mass range
• 3σ evidence possible at low and high ends of range



TevatronTevatron Physics Highlights: SummaryPhysics Highlights: Summary
Tevatron is performing extremely well

Experiments are collecting and analyzing data from 
the energy frontier collider

Many discoveries and precision measurements recently
~200+ studies in progress publishing 2 papers every week!~200+ studies in progress publishing 2 papers every week!

No significant deviations from the Standard Model observed yet
Although there are  “~2 sigma” discrepancies…
Data samples analyzed are to increase by 5 7 times

SM Higgs search is in a very active stage
Excluded at 95% CL Higgs with mass of 170 GeV

Data samples analyzed are to increase by 5-7 times

Proceeding to exclude wider mass range or… to see the Higgs!

Major contributions from Russian groups to the Tevatron
10% f th DØ d CDF ll b ti

Among top ten 2008 Physics Results!

Ωb discovery

10% of the DØ and CDF collaborations
IHEP, JINR, PNPI, ITEP and Moscow State University 
Detectors, algorithms, major physics results
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Looking with excitement forward for continuing excellent 
physics results from the Tevatron experiments! 



Detectable Objects Detectable Objects –– Particle IdentificationParticle Identification

• Excellent understanding of the 

Z μμ

detector and algorithms achieved
• Took many years…

• Certification of additional data for 

Muons

identification methods within a few 
weeks

• Automated software

Jets
Final decay products

electrons
muons

Z ee

muons
charged tracks

jets (b)
missing Et (ν)

Detection and MC 

Electrons
~1%

70%

Rapidity

optimization using well 
known objects

b-tagging

~70%
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b tagging



“Ghost” “Ghost” MuonsMuons
Recently CDF reported observation of 

excess of muons with large decay 
• Substantially thicker muon system and 

magnetized iron toroidg y
distances

g
– Punchthrough is much less than in 

CDF’s case
• Excellent time resolution of trigger 

counters in all layers of the muon system
CDF Preliminary

– Rejection of muons in cosmic 
showers

• Do we have data?
• Yes, di-muon triggers are part of 

the trigger menu since early Run II
• Could DØ reconstruct displaced vertices 

with large distances?
Y t ki i t t t

For better or for worse 
excitement has been created – New Physics?!
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While we have a healthy skepticism about this result 
DØ has major advantages to address this issue 

• Yes, tracking impact parameter cut 
is 2.5cm and could be increased

• A team of experts is analyzing DØ data



Russian Groups Participation in CDFRussian Groups Participation in CDF
JINR and ITEP

CDF

JINR CDF’s team
A.Artikov, J.Budagov, I.Chirikov-Zorin, G.Chlachidze, D.Chokheli, 
N.Giokaris, V.Glagolev, F.Prokoshyn, O.Pukhov, A.Semenov, 
A.Sissakian, I.Suslov

Major JINR’s contributions
• Creation and maintenance of 

th i till ti l f

A.Sissakian, I.Suslov

the scintillation complex for 
CDF  μ-trigger for c,b,t –
physics study

• Creation and maintenance of 
the Silicon Vertex Trigger for 
secondary vertex detection

• Top mass analysis 
• Search for the Very HighSearch for the  Very High 

Multiplicity processes using 
CDF data
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Excellent contributions!



Russian Groups Participation Russian Groups Participation in DØin DØ
JINR, IHEP, ITEP, MSU, PNPI – 10% of the Collaboration

• Muon system design, construction and 
operation: IHEP, JINR, PNPI, ITEP

• Silicon detector: MSU
• Key contributions to physics analysis in

– B-physics
– Single top observation Without contributions from Russian groups
– New Phenomena searches

Talks later today!
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Without contributions from Russian groups
none(!) of the results presented in this talk 

would be possible



MSSM Higgs SearchMSSM Higgs Search
MSSM predicts larger Higgs cross sections for 
some values of parameter space than SMp p

Using NLO cross section calculations and 
assuming no difference between A and h/H search 
for MSSM Higgs is performed

multi b jetsmulti b-jets

di-τ events (inclusive) or with two extra b-jets
φ ττ ~10%

bb eff. mass
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ττ eff. mass Large region in the MSSM parameter space
Combination of all three channels (ττ, bττ, bbb) in progress



Single Top Quark ProductionSingle Top Quark Production
EW production of top quark

direct probe of |V |direct probe of |Vtb|
similar to hunt for Higgs: (Wb)b

High backgrounds

• Consistent results obtained from three 
techniques

– boosted decision trees, matrix 
elements, Bayesian NN, y

• Combined result:
– 4.7 ± 1.3 pb   (3.6 σ significance)
– Consistent with SM expectations

• First direct determination of |Vtb| 
– 0.68 < |Vtb| < 1 at 95% CL0.68 < |Vtb| < 1 at 95% CL
– |Vtb f1

L| = 1.3 ± 0.2 no |Vtb| < 1 limit

Blue - single top signal

Developed and used advanced methods 
to separate signal

events from substantial backgrounds

g p g

30

Finalizing result on based on 3 fb-1 of data
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CDF and CDF and DDØØ Experiments in Run IIExperiments in Run II

CDF DØØ

CDF

CDF DØØ

New Silicon Detector
New Central Drift Chamber

Silicon Detector
2 T solenoid and central fiber trackerNew Central Drift Chamber

New End Plug Calorimetry
Extended muon coverage
New electronics

2 T solenoid and central fiber tracker
Substantially upgraded muon system
New electronics
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Driven by physics goals detectors are becoming “similar”: 
silicon, central magnetic field, hermetic calorimetry and muon systems



DDØ DetectorØ DetectorSilicon Detector

Fiber Tracker

5 barrel layers, 800k channelsy ,

8fb-1 capable!

8 axial, 8 stereo fibers double layers -
77,000 fibers with VLPC readout

8fb capable!

scintillators
Muon System Uranium Liquid Ar Calorimeter 

32
shielding All detectors are running very well!
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BBss Mixing ObservationMixing Observation
In SM B-mixing is explained by box diagrams 
Constrains Vtd  and Vts elements of CKM matrix

New physics new particles in the boxNew physics new particles in the box

First evidence by DØ: used semileptonic data sample μDs

Decay mode Ds Φπ, Φ K+K-

Charge of the muon provides Final State Tag
90% CL limit: 17<Δms<21 ps-1 , statistically limited

CDF nailed down Bs oscillations with >5 sigma significance
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No luck for new physics in this case, 
but keep looking…


