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� Since more than 4 decades, the collider machines have been major discovery tools in H.E.P.

� They were first called dirty and “discovery machines”.

� They have proven to be indeed fantastic discovery machines but also high precision 

measurement machines, competing with e+ e- (including B or charm factories) machines.

� This is due to continuous progress in Physics at hadron collider together with continuous 

detector upgrades, based on the most  advanced technologies. 

� The Tevatron experiments and especially CDF have been covering 25 years of this impressive 

success story.

� The Tevatron will close on September 30 this year

This lecture tries to point out a few of the major success with emphasis on the latest results and

remaining puzzles.
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Collider machines story
ISR: (1971-1983) pp,  34 up to 63 GeV cm,  up to 1.4x 1032 cm2/s, CERN, 

First hadron collider machine, instrumental training camp for collider machine & Physics

First direct evidence for jets, first high Pt Physics, rising total xcross section…

(SPEAR (SLAC) and PETRA (DESY) e+e- colliders: 30-40 GeV)

ISABELLE † (1978-1983)(BNL-USA): pp collider, 400 GeV cm, cancelled before machine achieved

SppbarS (1981-1991), ppbar, 546 ->630 GeV cm, 1027->2x1030 /cm2/s, CERN, UA1 and UA2

Discovery of W & Z, precursor: B Physics at hadron colliders (first indirect evidence of 

B0-B0bar mixing), Top search, QCD and BSM.  Has opened the road to LHC

Tevatron 0 (1985-1989), ppbar,  FNAL, 1.8 TeV, CDF only (since 85):

Search for top (eμ and all-jets channels), EWK and QCD Physics, construction of

the 1st vertex detector in hadron colliders, new developments on triggers & tracking 

(LEP (1989-2000): e+e- machine: 90 to 200 GeV cm, CERN)

Tevatron I(1992-1995), ppbar,  FNAL, 1.8 TeV, up to 5x1031cm2/s ,CDF &D0

Discoveries: Top

First vertex detector successfully installed in hadron collider (CDF in 1992)

Pioneering work on: Top, B, EWK Physics, BSM searches

SSC † (Texas-USA): pp collider, 40 TeV cm, 1033 /cm2/s cancelled 1992 before machine achieved
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Collider machines story (cont’d)

Tevatron II(2001-2011), 1.96TeV, up to 4.2x1032/cm2/s

Discoveries & Major breaktroughs: Single top, Bs mixing, Top & W precise mass mst

in Top, B, and EWK/dibosons Physics, pioneering Higgs and BSM searches

First triggering with tracking (CDF: L1 COT and L2 SVT)

LHC (2010- ): pp, 7 TeV->14TeV c.m., 2x1034/cm2/s, ATLAS, CMS, LHCb;

See lectures from P. Jenni and De Roeck

Higgs yes or ?????????????????

sLHC (towards 2020-_): higher Lum and or increase in energy, major detector 

upgrades

=> Future LC under study: ILC, CLIC projects

a very high energy LHC (VLHC?)
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TEVATRON vs LHC 2011
Tevatron

• 2 experiments (CDF since 1985, D0 

since 1992 , BTeV aborted 07-2005)

• ppbar collider (qqbar dominance)

• Started 1985 (run0-1989 vs SppbarS’)

Ends September 30 2011

• Ecm=2TeV

• Luminosity:peak: 4.2x1033/cm/s

~ 60pb-1/week

LHC
• 3 experiments (ATLAS, CMS, LHCb

+ Heavy Ion dedicated experiment: ALICE)

• pp collider (gg dominance)

• Started 2010 (2008)

First long shutdown 2013-part 2014

• Ecm= 7 TeV -> 14 TeV

• Luminosity: peak~ 2.4x 1033/cm/s

~ 250 pb-1 /week

~12 fb-1

≥ 10.5 fb-1/expt
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Outline

A few latest results of the Tevatron on:

• HEAVY FLAVOURS: B and Top Physics.

• HIGGS SECTOR Exploration

• BSM

LEGACY will be underlined in a few words in 

these different topics and in the concluding 

remarks…
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B & Charm Physics Topics covered @ Tevatron

Bs→ sμμ
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B Physics and the BSM exploration:

Let’s concentrate on 3 flagship 

measurements:

1) rare B decays with: 

Bs→μμ

2) CP violation study in Bs sector with:
Bs→J/Ψφ

Dimuon charge asymmetry
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Bs→μ+μ-
� At start of Run II, one decade 

ago, the limit set by CDF at 

Run I, on Br(Bs→μμ) was 3 

orders of magnitude above 

the SM expected value.

� Tevatron (mainly CDF) 

decreased by more than 2 

orders of magnitude this limit. 

� We are now in the last round 

=> near to get the final answer 

on: SM= Si or No?

What can the Tevatron still say?

=> see next…

LHCb
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The Bs→μ+μ- case
FCNC decays predicted to be very rare in the SM due to GIM & helicity suppression

Forbidden at tree level, proceed through loop diagrams

S,M, expectation: Buras => Br(Bs→μμ) = (3.2 ± 0.2)x10-9

New Physics will give a higher Br value:

New Physics can appear:

at tree level or through loops:

MFV –SM extensions

or SUSY:
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Preselection: 

The events are searched in a sample of dimuon triggered events, but:

7 fb-1 data (x 2 Lum.) & acceptance improved by 20%, adding CC and CF dimuon

triggered events plus refined pre-selection and

upgraded analysis (next slide)

New search for Bs→μμ at CDF with 7fb-1

With extended sidebands in the new analysis04/09/2011 13Tevatron, Corfu 2011, ASN



Bs→μμ analysis
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A set of 14 discriminating variables,
comparing data (sidebands, black)=bkgd
with MC generated events (red) = signal are 
studied and trained in a NN; 6 most sensitive
variables are shown here:

The Branching fraction is obtained by normalizing to the number of B+→J/ΨK+→µ+µ-K+

B(B0
s,d→µ

+µ-) = [Ns,d/N+] x [α+/αs ] x [ε+/εs,d ] x [1/εNN
s,d ] x fu/fs,d x B(B+→J/Ψ K+)

Where Ns=number of B0
s→µ+µ- at 95%CL for N observed and Nb expected backg.

α stands for the acceptance, ε for efficiency and f for fragmentation function

Signal region determined by 5.169<Mµµ (GeV/c2)<5.469 
Previous sideband regions to estimate the background (here below)

have bee extended.

NN

Tevatron, Corfu 2011, ASN



Suppress background with NN trained on MC/sideband data

04/09/2011 15

RESULTS:
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CDF 2011 new result 

May be the first glimpse of exciting times ahead?
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First double sided confidence region on Br(Bs→μμ)

“Although of moderate statistical significance this is the

first indication of a Bs→μμ signal”



EPS 2011
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CMS x LHCb

LEPTON PHOTON 2011:
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Bs→μ+μ-

by Aug 2011LHCb

LHC: CMSxLHCb: Br<1.1x10-8 ,95%CL
CDF: 4.6x10-9<Br <3.9x10 -8   , 90% CL 

Still some very little room for BSM
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Exploring the Bs CP Violation sector

Heavy mesons oscillations04/09/2011 20Tevatron, Corfu 2011, ASN



Exploring the Bs CP Violation sector

Heavy mesons oscillations04/09/2011 21Tevatron, Corfu 2011, ASN



Exploring the Bs CP Violation sector

Heavy mesons oscillations04/09/2011 22Tevatron, Corfu 2011, ASN



Neutral Bs System: Recap!
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- Time evolution of Bs flavor eigenstates described by Schrodinger equation:

-Diagonalize mass (M) and decay (Γ) matrices

→ mass eigenstates : 

- Flavor eigenstates differ from mass eigenstates and mass eigenvalues are also different: 
∆ms = mH - mL ≈ 2|M12|

→ Bs oscillates with frequency ∆ms,  precisely measured by 
CDF  ∆ms = 17.77 ± 0.12 ps-1

2006: first & unprecedently precise measurement (1fb-1)

DØ    ∆ms = 18.56 ± 0.87 ps-1

And now LHCb (see later)

- Mass eigenstates have different decay widths

∆Γ = ΓL – ΓH ≈ 2|Γ12| cos(Φs) where                                    ≈ 4 x 10-3
s

SM

Tevatron, Corfu 2011, ASN



ββββs vs φφφφs
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- Up to now, introduced two different phases:

s

SM ≈ 4x10-3
and

- New Physics affects both phases by same quantity         

- If the new physics phase          dominates over the SM phases              and  
→ neglect SM phases and obtain:      

Tevatron, Corfu 2011, ASN



CP Violation in Bs→ J/ΨΦ Decays

04/09/2011 25

- CP violation phase βs in SM is predicted to be very small, O(λ2)

- New physics particles running in the mixing diagram may enhance βs

- large βs →     clear indication of New Physics ! 

+

dominant 
contribution
from top quark 

- Analogously to the neutral B0 system, CP violation in Bs system occurs through 
interference of decays with and without mixing:

New Physics
particles ? 

?

Tevatron, Corfu 2011, ASN



Bs→ J/ΨΦ Decays

26

- Extremely physics rich decay mode

- Can measure lifetime, decay width 
difference ∆Γ and CP violating phase βs

- Decay of Bs (spin 0) to J/Ψ (spin 1) and 
Φ (spin 1) leads to three different 
angular momentum final states:  

L = 0 (s-wave), 2 (d-wave) → CP even ( = short lived or light Bs if no CPV )

L = 1 (p-wave)                    → CP odd ( = long lived or heavy Bs if no CPV )   

- Three decay angles ρ = (θ,φ,ψ) describe 

directions of final decay products 

µ+ µ- K+ K-

Caveat: Bs→J/Ψφ is golden mode, but additional experimental complications:
- J/ψφ: a mix of CP-even and CP-odd eigenstates, treat them separately

- Bs oscillates ~ 35 times faster than B0

- sin2β~0.7, sin2βs expected about 20 times smaller04/09/2011 Tevatron, Corfu 2011, ASN
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Reconstruct Bs→J/ψ(→μ+μ-) φ(→K+K-)

Simultaneous mass, angular, time dependent, flavour tagged fit:

ANALYSIS OUTLINE

Bs mass fit to

Separate signal from

background

Flavour tagging to 

separate  Bs and

Anti-Bs decays

Angular separation

of CP eigenstates

Time dependence

of decay

DIMUONS TRIGGER

NN SELECTION

N.B. All based on quantities directly derived from data!!
04/09/2011 Tevatron, Corfu 2011, ASN
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PDG value:

RESULTS in 2010 still the latest one from CDF

Flavour tagged fit with sin2βs set to 0 (i.e. SM)

World’s more precise single measurement of Bs

lifetime and decay width difference (2010)

P-value for SM point: 44% (0.8σ dev.)

[0.02,0.52]U[1.08,1.55] 68% C.L.

[-0.13,0.68]U[0.89,π/2]U[-π/2, -1.44] 95% C.L.

- Agreement with SM expectation increases with

higher statistics

- ββββs and ∆Γ∆Γ∆Γ∆Γ allowed parameter space greatly

reduced
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Status before Lepton Photon 2011

NEW from D0 in 2011:
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Courtesy G. Raven, LP 2011

Latest from LHCb:
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http://public.web.cern.ch/public
August 30th 2011

Lepton-photon conf. 2011: LHC data shedding new light 

“A data visualization from the LHCb experiment's results. LHCb's measurements of B meson 

decay correlate with Standard Model predictions – but they also indicate that there is still room 

for a contribution from new physics. IMAGE: LHCb collaboration”

NEW RESULTS from LHCb and CDF very soon ; by end of this year important result!!!!
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Dimuon charge asymmetry & CPV

• Both Bd and Bs contribute in Ab
sl at Tevatron :

• aq
sl is the charge asymmetry of "wrong sign" semileptonic B0

q (q = d,s) decays:

and is related to CP violating 

phase
)tan( q

q

qq
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M

a φφφφ
∆∆∆∆
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SM prediction

• SM predicts very small values of φq and Ab
sl:

A. Lenz, U. Nierste, J. High Energy Phys. 0706, 072 (2007)

– These values are below current experimental sensitivity

• New physics contribution can significantly change these values

33

45.0

6.0

,

026.0

038.0

10)3.2(

0014.00042.0

091.0

−−−−++++
−−−−

++++
−−−−

××××−−−−====

±±±±====

−−−−====

SMb

sl

SM

s

SM

d

A

φφφφ

φφφφ

NP

s

SM

ss

NP

d

SM

dd

φφφφφφφφφφφφ

φφφφφφφφφφφφ

++++====

++++====

Non-zero Ab
sl would indicate the presence of new physics
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and

&

Remember:
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Measurement strategy

• Measure two raw asymmetries (include μ’s from all sources):

• Both asymmetries contain contributions from Ab
sl and 

detector-related background asymmetries

– contribution from Ab
sl to a is strongly suppressed by k=0.041±0.003

• Determine background contributions Abkg and abkg using data with 
minimal input from simulation

• Exploit the correlation of background content in raw asymmetries to 
reduce the uncertainty on Ab

sl
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1) Test of background description

• Raw inclusive muon asymmetry a is dominated 

by the background asymmetry abkg

• abkg is measured in data 

• Compare a and abkg to verify the background 

description as f(Pt(μ))

35

Muon reconstruction asymmetry

Reconstruction asymmetries reduced from ~1% to 

<0.1%

To be compared with raw dimuon asymmetry

A= (0.564±0.053)%

Polarities of DØ solenoid and toroid are reversed 

every ~2 weeks => difference in reconstruction 

efficiency between positive & ne gative particles 

minimized

2) Original experimental technique

Some experimental remarks
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Updated measurement of the anomalous like-sign dimuon

charge asymmetry for  b-hadron semi-leptonic decays, 9fb-1

Ab
sl=(-0.787±0.172(stat) ±0.093(sys))%

Was =(-0.957±0.0251(stat) ±0.146(sys))% with 6.1fb-1

~3.9 σ deviation from SM (previously 3.2σ)

• Ab
sl produces a band in ad

sl v.s. as
sl plane:

• Obtained result agrees well with other 

measurements of ad
sl and as

sl

36
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Updated measurement of the anomalous like-sign dimuon

charge asymmetry for  b-hadron semi-leptonic decays, 9fb-1

Ab
sl=(-0.787±0.172(stat) ±0.093(sys))%

Was =(-0.957±0.0251(stat) ±0.146(sys))% with 6.1fb-1

~3.9 σ deviation from SM (previously 3.2σ)

• Ab
sl produces a band in ad

sl v.s. as
sl plane:

• Obtained result agrees well with other 

measurements of ad
sl and as

sl
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CDF is trying to perform this measurement if

not impeded by systematics (“Central tracking 

Asymmetry” to be corrected) and personpower…
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SM:

Combining results (2010) on ΔΓs & 

CPV phase from various analyses by D0

asl from: Bs→Dsμν

New best

fit value

Region allowed

in NP models

given by: 

ΔΓs=2|Γ12|cosφs

Asl measurement from 2010 & asl from Bs→Dsμν =>

constraints on ΔΓs & Φs
J/Ψφ consistent with 

the 2010 results from Bs→J/Ψφ. When combining

p-value at SM point is: 7.5%. When adding Br(Bs→Ds*Ds*) p-value decreases to 6%.

Bs decays giving rise to non zero Γ12:
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SM:

Combining results (2010) on ΔΓs & 

CPV phase from various analyses by D0

asl from: Bs→Dsμν

New best

fit value

Region allowed

in NP models

given by: 

ΔΓs=2|Γ12|cosφs

Asl measurement from 2010 & asl from Bs→Dsμν =>

constraints on ΔΓs & Φs
J/Ψφ consistent with 

the 2010 results from Bs→J/Ψφ. When combining

p-value at SM point is: 7.5%. When adding Br(Bs→Ds*Ds*) p-value decreases to 6%.

Bs decays giving rise to non zero Γ12:

BSM exploration with H.F.:

Important to extend this work to 

both CDF and D0 results

on a larger sample of relevant 

results in the

Heavy flavoured meson sector
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How the Bs measurements impact on the BSM Models:

a summary from Buras and collaborators (Beauty 2010-11).
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TOP WAS DISCOVERED AT TEVATRON!!!!
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TOP: A little bit of history…
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29 Oct 1992, first observation of TOP by CDF in the Run I in

a golden e μ event and the vertex detector signing b-jet!

Thanks to the first vertex detector successfully built for a hadron collider experiment

1992: FIRST OBSERVATION!
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Top production at Tevatron

Top pair Single top

At 1.96TeV c.m. and Mt=172.5GeV

(about 22 times lower than at 7TeV)

SM:
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Tevatron & LHC complementarity in Top sector

Tevatron is a quark-antiquark annihilation machine 

whereas LHC is gluon fusion machine 

=> many interesting consequences (see for instance 

ABF asymmetry). 

AND: 

Not possible at

Tevatron

Challenging at

LHC

90%

10%

1 fb-1 at LHC => 4 times more top paires than 5 fb-1 at Tevatron => Tevatron still interesting 

for some top Physics aspects.
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TEVATRON has performed a complete SCAN of  TOP PHYSICS
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The Many ways to find N.P. with the Top explored at Tevatron
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Courtesy Deliot

EPS 2011
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New Top Mass Measurements at Tevatron

�� � 174.9 	 1. 5	GeV
PRD84,032004(2011)

�� � 170.3 	 3.7	GeV

PRD83,111101R(2011)

��,�

• CDF, 5.6fb-1

• dilepton

• Assume ��,�� (NWA)

�� � 174.0 	 3.0	GeV

arXiv:1105.0320

• DØ, 5.4fb-1

• dilepton

• Matrix element

• DØ, 3.6fb-1

ℓ

• in-situ JES calib.

• DØ, 3.6fb-1

• ℓ+jets

• Matrix element

• in-situ JES calib.

• CDF, 5.8fb-1

• All-hadronic

• Kinematic fit + Template method

• in-situ JES calibration

�� � 172.5 	 2.0	GeV
CDF-10456
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Top Mass Measurement in CDF +jets

• CDF ℓ+jets channel
• �,�+ ≥4jets, �1b-tag

• 1016(1b-tag), 247(�2b-tag)

• Matrix element method

• in-situ JES calibration

• �����	|	��, ∆!"#$ for each event

• � ��, Δ!"# � ∏ �����	|	��, ∆!"#$�

Still world best single measurement

'� � 173.0 	 0.7()*) 	 0.6!"# 	 0.9(,() GeV

� 173.0 	 1.2	GeV
5.6fb-1

PRL105,252001(2010)

Mｊｊｊｊｊｊｊｊ→MW

Δ��/��~0.7%
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Latest Top Mass Measurement at Tevatron

Δ�� / 1GeV, Δ��/��~0.5%

http://lepewwg.web.cern.ch/LEPEWWG/plots/summer2011/

�0 � 92123
456	GeV (68%CL)

or  

/ 161	GeV	 (95%CL)

�� � 173.2 	 0.9	GeV

Measured with 3.6-5.8fb-1

Remark:

mtop=(173.2 ± 0.9) GeV (0.5%)      

mW =(80.399±0.023) GeV (0.028%)

∆mW ~ 0.005 x δmtop ~ 5 MeV =>mission impossible 

for equal weights in Higgs limits04/09/2011 51Tevatron, Corfu 2011, ASN
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Tevatron W Mass current status
Currently about 7 M W’s/expt (9fb-1)

� Last Tevatron combination: 

– Update previous CDF result to

modern PDFs                                            

– Correct to same ΓW

– PDF, QED, ΓW uncertainties correlated

� More precise than LEPII legacy:

80.367±0.033 GeV (0.04%)

� Current World average (2009):

mW=80420±31MeV (0.038%)

mW=80399 ± 23 MeV

CDF (2.4 fb-1) and D0 (5fb-1) are working 

on updates with improved analyses 

⇒ expect to reach ≤ 25 MeV per experiment 

-> 15 MeV combining both experiments

=> W-MASS: ONE of the OUTSTANDING LEGACY OF THE TEVATRON

04/09/2011 Tevatron, Corfu 2011, ASN
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Best possible scenario in about 2 years?

Courtesy J. Stark LP 201104/09/2011 53Tevatron, Corfu 2011, ASN



Top quark charge asymmetry

As teached by German Rodrigo (EPS11)

!!Not Forward Backward Asymmetry!! 
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Inclusive asymmetry at Tevatron

The asymmetry increases with Mttbar because of gluon fusion04/09/2011 55Tevatron, Corfu 2011, ASN



TOP Forward-Backward Asymmetry
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Use the hadronic side to 

measure top rapidity.

Tag top vs tbar with 

lepton charge.

Compare the number of top and antitop produced with momentum in a given direction:

Top (antitop) moving against or in the same direction in the 

Lab or the ttbar rest frames

Choose to express it with θ the angle between the

Top momentum and the p beam direction.

Yhad

Ql

Use lepton +jet to distinguish between the Top and 

the Antitop signature in the same event

Variables => calculate AFB

Inclusive:  -QYhad=Ytop =-Yantitop

Rapidity-dependent: 

Q(Ylep-Yhad)=QΔY= Ytop-Yantitop
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Lepton+jets result (5.3fb-1)

57

∆Y( = yt - ytbar)

Background subtracted, then unfolded back to parton level

Attbar = 0.158± 0.074 (2σ deviation)
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Lepton+jets result (5.3 fb-1)

• Found AFB has a strong dependence on Mtt

• Many possible theoretical scenarios where AFB depends on Mtt

58(3.4σ deviation)04/09/2011 Tevatron, Corfu 2011, ASN



Dilepton results (5.1fb-1)

59

Confirms observation in Lepton+jets !! 

(2.3σ)
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Invariant mass charge 

dependent asymmetry

CDF Top Asymmetry results

About 3σ above zero

room for positive BSM 

within 2σ
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Top AFB Asymmetry: new D0 results 

61

2.4σ measured vs expected at prod level

1.9σ at reconstruction level

No statistical enhancement of Afb with 

Δy or m(ttbar)

3σ effect for  lepton based Asymmetry
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Afb: Comparison 

CDF vs D0 
Both experiments are pursuing their

analysis with the full set of recorded data

and will combine then at the end.
04/09/2011 62Tevatron, Corfu 2011, ASN



Interesting competition and complementary information from both sides that will

be essential for a final conclusion whether or not there is a BSM effect there.

Should get soon more about it, stay tuned!

Courtesy German Rodrigo 
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W boson polarization in top decay

Spin=1

Spin=1/2

Spin=1/2

V-A

%   F, %   F, %
Mm

m
)bWt(BRF

Wt

t 03070
2 22

2

00 ≈≈≈≈≈≈≈≈≈≈≈≈
++++

≈≈≈≈→→→→≡≡≡≡ ++++−−−−

The SM top decays via EW interaction: Br(t → bW) ~ 100% 

Top decays as a bare quark (no hadronization )⇒ spin info transferred to final states 

V-A coupling in the SM ⇒

longitudinal  fraction f0  ~ 70%

left-handed fraction  f- ~ 30% 

right-handed fraction f+  ~ 0%  

The SM prediction modified in various new physics models

W polarization fractions are sensitive to non-SM  tWb couplings

Use cosθ* : Angle between lepton (down-type quark) in W rest frame and the 

momentum of the W in the top-quark rest frame
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Published for PRL publication

FERMILAB-PUB-10-041-E, 

Phys. Rev. Lett. 105, 042002 (2010)

FC Contours include 

stat+syst uncertainties

Result from lepton+jets events

Simultaneous measurement:

f0 = 0.88 ± 0.11 (stat) ± 0.06 (sys) 

f+= -0.15 ± 0.07 (stat) ±0.06 (syst) 

Correlation coefficient of -0.59

As measured central values are unphysical 

use Feldman Cousins (FC) method to obtain 

confidence level intervals

Model dependent measurements:

f0 = 0.70 ± 0.07 (stat) ±0.04 (syst) 

constraining f+=0.0

f+ = -0.01 ± 0.02 (stat) ±0.05 (syst) 

constraining f0=0.7

Upper limit at 95% CL : f+<0.12
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Result from dilepton events

• Used 343 pre-tagged di-lepton candidates (304 passed reconstruction) with 5.1 fb-

1 and 137 b-tagged events (118  passed reconstruction) with 4.8 fb-1

66

Model dependent measurements:

Before b-tagging :

After b-tagging A

Determined upper limit on f+<0.07 at 95% CL

Simultaneous measurement:

Before b-tagging :

After b-tagging :

Well in agreement with SM expextations
04/09/2011 Tevatron, Corfu 2011, ASN



Precision measurement of rabo B(t →Wb)/B(t→Wq)

by D0 with 5.4fb-1

Assuming Unitarity of 3x3 CKM Matrix, IVtbI is highly 

constrained to:

Thus if R≠ 1 => indicagon of BSM; indeed:

If 4th generation of quarks => no more such constraint.

A smaller value of IVtbI can be directly

observed in single top production and 

also affects xcross(ttbat production.

Measure of R with q=d, s or b-quark

in dilepton and lepton+jets channels .

Distinguishing ttbar with 2 b tags or 1 or none

R agrees within 2.5σ with SM

CDF is pursuing the analysis done so far 

with only 160 pb-104/09/2011 67Tevatron, Corfu 2011, ASN



Tevatron
LHC 

Challenging for LHC
Tevatron

SINGLE TOP: TEVATRON versus LHC
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Single top: after 15 years of search...
Experimentally very challenging and same as WH (signatures & backgrounds) 

1:1010

Going down 

Dramatically

in cross-section
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IVtb| = 0.91 ± 0.11 (exp.) 

± 0.07 (theory) 

Combining CDF & D0

04/09/2011 Tevatron, Corfu 2011, ASN



Latest results on single top: D0
Interest to measure the tb and tbq production cross-sections separatly, in an independent way 

from theoretical assumptions about their relative 

Rates (as previously done by CDF and D0).

⇒ will allow to see if any deviation wrt SM.

σ(ppbar→tqb + X) = 2.90 ± 0.59 pb

in good agreement with SM

Probability of the background to fluctuate & produce a signal as large as the one observed is:

1.6 x10-8, corresponding to a significance of 5.5 σ deviation

!!Most precise to date!!

DO new results:
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Two main goals and challenges: low mass Higgs & especially H-> bbbar
04/09/2011 72Tevatron, Corfu 2011, ASN

After LEP II, Tevatron has performed an impressive very complete 

Higgs(ses) search in all possible standard or beyond standard ways
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LOW MASS HIGGS: 

Production and Decay

at the Tevatron

Tevatron, Corfu 2011, ASN
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The many ways to produce a light Higgs at the Tevatron

H

b,τ,γ

b,τ,γ

_

mH<135GeV mH>135GeV

H

W(*),Z(*)

W,Z

_

gg→H→bb => close to IMPOSSIBLE

WH → lν bb

ZH →  ll bb

VH → ννbb

lνbb

VH →qq bb

H→ ττ+jets

bb+jets

γγ

+ VH + VBF + ttH

Tevatron, Corfu 2011, ASN
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WH →→→→ lνbbZH →→→→ννbbZH→→→→llbb

H →→→→WW →→→→ lνlν

Higgs Production at the Tevatron: the main channels

Higgs into bb: provides best sensitivity, in mass region above LEP bounds

Tevatron unique for finding H into bbar channel

Tevatron, Corfu 2011, ASN



On the path to the Higgs sector at Tevatron:

At 1.96 TeV c.m.
� Search for very low cross section processes

� Measure/discover new processes instrumental

� for discovering possible H0

� Fight against very huge SM backgrounds

� Handle very accurately ALL systematics

This is not only a matter of developing smarter & smarter analysis tools ! (see next)
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Higgs sector demands it all from the detectors

Etmiss

electron 
ID

Jet 
energy 
scale

Jets

ID

b-
tagging

μ ID

τ lepton

ID

HIGGS

WITH STRONG TRIGGERING POWER

Tevatron, Corfu 2011, ASN
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A dedicated new Higgs trigger & N.P. searches (2008)

High luminosity gives large calorimeter occupancy (pile up) => fake

clusters/cluster merging (ex: red towers seen as one single cluster)

CDF Uses same processing strategy

than for SVT: A.M. and pulsars

Than for SVT

5-6 pile ups at 4x1032/cm2/s

Tevatron, Corfu 2011, ASN
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New trigger strategies for the New trigger strategies for the New trigger strategies for the New trigger strategies for the Higgs (by 2008)Higgs (by 2008)Higgs (by 2008)Higgs (by 2008)

Mode Acceptance 
increase

WH →→→→
eννννbb

+97 %

WH →→→→
µνµνµνµνbb

+110 %

ZH →→→→
e+e-bb

+27 %

ZH →→→→
µµµµ+µµµµ-bb

+60 %

ZH →→→→
ννννννννbb

+30 %

H →→→→
lννννlνννν

+24 %

The calorimeter trigger upgrade together with XFT-3D, SVT upgrades
significantly improves CDF reach for the Higgs (and lots of Physics topics)

Improved Et(jet)

resolution

Sharper turn-on

curves

Ex: New Jet clustering provides

Tevatron, Corfu 2011, ASN



Goal: to leave NO HIGGS event behind.
Best sensitivity obtained by combining MANY INDEPENDENT search channels

04/09/2011 80Tevatron, Corfu 2011, ASN

Not mentioned here ALL the BSM

Higgs that are looked for as well!



List of CDF & D0 channels to be combined

as of July 14 2011

Goal: to leave NO HIGGS event behind.
Best sensitivity obtained by combining MANY INDEPENDENT search channels
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Do-not-leave-any-Higgs-event-behind flow diagram

04/09/2011 Tevatron, Corfu 2011, ASN 82

Optimize event selection (including triggers), reconstruction 

and tagging/identification algorithms 

Maximize sensitivity:

� Combine all possible decay channels

� Use all production modes

Maximize acceptance to Higgs signal:

� Be inclusive for selecting candidat sample

� Improve e,μ ID efficiency

� Improve and further develop the τ-lepton ID 

(fake rate estimate) 

� Improve b-tagging

� Improve jet tagging

� Handle the increase of pile ups (Lum) on some more 

sensitive variables

Model Backgrounds

� Cross-checks using control regions in data

� Measure xcross section for SM processes

Signal/background separation

Multivariate techniques
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Determination of limits: Limit plot example

Courtesy Eric James
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LOW MASS HIGGS: search for Higgs into bb
H->WWbb

Low Mass Final States

2 High PT Leptons + b jets

0 High PT Leptons + ET + b jets

1 High PT Lepton + ET + b jets

Efficiency for tagging b-quark  jets is critical as well as rate for mis-tagging light quark jets

Tevatron, Corfu 2011, ASN

� Be able to work with very low cross section 
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Searching for H�bb

95% CL Limits at mH = 115 GeV 

Channel Exp/obs Limit 

(σσσσ/SM)

WH�lνbb (7.5 fb-1) 2.7/2.6

ZH�ννbb (7.8 fb-1) 2.9/2.3

ZH�l+l-bb (7.9 fb-1) 3.9/4.8

WH�lνbb (8.5 fb-1) 3.5/4.6

ZH�ννbb (8.4 fb-1) 4.0/3.2

ZH�l+l-bb (8.6 fb-1) 4.8/4.9

WH�lνbb (1.0 fb-1) ~25/20

ZH�l+l-bb (1.0 fb-1) ~25/20

VH/VBF�jjbb (4.0 fb-1) 17.8/9.1

ttH�l+jets (7.5 fb-1) 11.722.9

ttH�jets (5.7 fb-1) 20.2/28.1

This channel is important as “Higgs reference

channel => to ensure the Higgs identity of  

other Higgs like signal. 

At 115-120 GeV

- Almost at 1xSM sensitivity

- No excess seen

At 130-140 GeV

- 2xSM-3xSM sensitivity

- No excess seen

04/09/2011 Tevatron, Corfu 2011, ASN



� CDF and D0 will collect over 10 fb-1 data

on track to reach 95% CL exclusion 

� Sensitivity over entire m(H) range from

100-185 GeV/c2

� Best current sensitivity to bb Higgs 

decay mode

� Overall Tevatron Higgs searches will be

completed by Spring 2012.

Tevatron Higgs final word
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� CDF and D0 will collect over 10 fb-1 data

on track to reach 95% CL exclusion 

� Sensitivity over entire m(H) range from

100-185 GeV/c2

� Best current sensitivity to bb Higgs 

decay mode

� Overall Tevatron Higgs searches will be

completed by Spring 2012.

Tevatron Higgs final word

04/09/2011 89

Preferred by Fit to EWK data

Tevatron, Corfu 2011, ASN



Courtesy Duperrin, EPS2011

BSM::
Tevatron looked for
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Process Experiment Luminosity  

(fb-1)

significance

ZZ→ 4 leptons CDF 6.0 ~ 3 σ

t’ → qW D0 5.3 2.5σ

W + jj excess CDF 7.3 4.1σ

bbb excess CDF 2.6 2.8σ

Dimuon asymmetry D0 9.0 3.9σ

B0s→μ+μ- CDF 7.0 3σ

ttbar forward backward 

asymmetry

CDF 5.1 3.4σ

Br(t→Wb)/Br(t→Wq) D0 5.4 2.5σ

Remaining puzzles or hints to BSM from Tevatron?

Que reste t’il de nos amours…?

N.B. We indicate in this Table the Tevatron experiment that has found some deviation wrt SM. It does

not mean that the other experiment didn’t perform or is performing the analysis too.

?? Soon 

Solved: no excess

???

?

?

???

???

???

???: will probably 

not be confirmed

My personal

opinion
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Expected and observed 95% CL

limits on σ(pp → X → ZZ) from 

the Z → l+l-l+l- channel; the 4 

events with MZZ=327 GeV/c2

result in a deviation from the

expected limit

BUT:

SEARCH for HIGH MASS ZZ RESONANCES at CDF (6fb-1)

Analysis of pp → ZZ → ll+MET & pp → ZZ → lljj final states does not confirm a heavy resonance

decaying into a pair of Z bosons. 95% CL upper limits are set on the production cross section x 

BR σ(pp → X → ZZ) at 0.26 pb and 0.28 pb for two signal models. 

04/09/2011 93Tevatron, Corfu 2011, ASN



“CDF Wjj excess”: one of the action-packed serials of this 

summer 

CDF SEES AN EXCESS INCREASING with

increasing statistics

D0 “mirrors” the analysis and does not see any

such signal with 4.3fb-1

ATLAS and CMS have performed this search

each with 1fb-1 of data: not such a signal (yet)
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SM Templates + Gaussian

95

•Statistical significance (no systematics) 4.8σ, 

including trial factor

• Shape systematics on:

• QCD, Jet Energy Scale

• W+jets renorm. scale

• The largest p-value is 1.9 * 10-5

• significance of 4.1 s. d.

• was 3.2 s. d. in 4.3 fb-1

• Measured cross-section 3.0 ± 0.7 pb

• cross-section model dependence

• use W+Higgs mH(150) acceptance * efficiency

muons electrons

Excess events 158 +- 46 240 +- 55

Excess/exp. WW+WZ 42% +- 12% 47% +- 10%

Gaussian mean 147 +- 5 GeV (stat. only)
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SM Templates + Gaussian
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•Statistical significance (no systematics) 4.8σ, 

including trial factor

• Shape systematics on:

• QCD, Jet Energy Scale

• W+jets renorm. scale

• The largest p-value is 1.9 * 10-5

• significance of 4.1 s. d.

• was 3.2 s. d. in 4.3 fb-1

• Measured cross-section 3.0 ± 0.7 pb

• cross-section model depended

• use W+Higgs mH(150) acceptance * efficiency

muons electrons

Excess events 158 +- 46 240 +- 55

Excess/exp. WW+WZ 42% +- 12% 47% +- 10%

Gaussian mean 147 +- 5 GeV (stat. only)
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On the other side of the Ring: D0

=> controversy

� D0 “mirrors what was done in the CDF analysis” =>

“No evidence for such an excess, ruling out a particle with 

4.3 pb-1  at the 4.1 σ level” (EPS 2011)

� CDF identifies some differences:

- D0 jets corrected for out-of-cone: 

- effective jet threshold lower

- Double QCD contamination from low purity electrons

- Fit procedure morphs Mjj to correct for systematics

- Quantitative effect on Mjj templates not available

� D0 excludes a 4pb signal at 4.3σ level

Does not account for uncertainty on CDF number: O( 4pb) 

� Evaluated xsec using D0 procedure:

3.1 ± 0.8 pb (with 4.3fb-1 data)

3.0 ± 0.7 pb (with 7.3 fb-1 data)

� To be compared with 0.82 ± 0.83 pb

The two results are about

2σ apart. Need of clarification

on both sides.
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CDF Wjj excess: as viewed by a young theoretician
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Several other theoretical nice explanations also showing why this is not found (yet) at 

LHC => Committee at FNAL and wait and see for more luminosity at LHC….04/09/2011 100Tevatron, Corfu 2011, ASN



04/09/2011 101Tevatron, Corfu 2011, ASN



Search for a bb resonance associated to b

2.8σ @ M(bb)=150 GeV

Challenging 

final state not 

accessible at LHC

ANALYSIS:

� Cannot rely on MC to model

Multijet background

� Data driven background 

predictions

� Fit of templates to data 

provides normalization

RESULTS:

� CDF & D0 =>  about 2σ

excess at 120-150 GeV.

� Still compatible with 

background expectations

� Work in progress on the 

overall data sample

SUSY Higgs
Z’

CDF: 2.6 fb-1
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Conclusions & Legacy

103

�CDF & D0 have produced a tremendous amount of important results in all topics: 

QCD, B Physics (competing with B & charm factories) with some unique features (Bs), Top (scan 

of all Top properties and beyond), EWB (W properties:Mass, helicity…), dibosons, large scan of 

BSM models in a large parameter space.

�Pioneering searches with new ideas & improved tools (hardware & software)

�Continuously upgrading/innovating (especially CDF: longuest-life expt.) and the MACHINE!

The electron cooling has saved Run II at the Tevatron allowing dramatic increase in L&perf.

�Some major breakthrough or discoveries: in Bs Mixing & Bs-CPV, Bs in μμ, Single Top,  

unprecedented precision on Top and W mass.

� A new era in HEP has started:

The LHC experiments and the LHC have 

entered in the game at very high speed after 

a long waiting time

VERY EXCITING TIME!

IMPORTANT TO SUCCEED THE OVERLAP:

Tevatron x LHC 

And thus to conclude the analyses where the 

Tevatron is still valuable or even unique.

A number of analyses are still undergoing..Invincible armada

Grande y Felicisima Armada
04/09/2011 Tevatron, Corfu 2011, ASN
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W detection at Tevatron

W events: 

• single charged lepton

- high pT

- isolated

• missing ET from neutrino 

(W→µν or eν).

- pT
ν is inferred

.
|ηηηηe(trk)|<3.2, |ηηηηµµµµ|<2

• Muons: central tracker + muon detectors

• Electrons: central tracker + calorimeter

On tape ~  7.5 fb-1 /expt

=>  ~6 Mio W’s per expt

|ηηηηe(trk|<2.8, |ηηηηµµµµ|<1

Detailed understanding (~10MeV) of all
aspects of W is required.
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