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The Tevatron top legacy: from
precision measurements to new

physics smoking gun?

Fabrizio Margaroli
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The top quark is special

  
arXiv:1007.3178_

• Top was discovered at Fermilab in 1995
• Its mass much larger than any other fermion
• Using the latest Tevatron-averaged Mtop

• Yukawa coupling = 0.996±0.006
• Only quark with large coupling to Higgs -  special

role for the top quark?
• Lifetime shorter than hadronization time
→ only quark that decays before hadronizing

→ O(103) of top events analyzed, O(104) by the end
of the Tevatron
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Where?
•Fermilab’s Tevatron Run II pp collider at 1.96 TeV, running since 
year ‘01. Currently performing very well:

– New record in instantaneous luminosity 4 ·1032 cm-2 s-1

– New record in delivered luminosity: 2.5fb-1 per year s
– Two multi-purpose, well-understood detectors CDF and D0

CDF
D01 kmTevatron

Top created in 1 in O(1010) collisions at the Tevatron

_
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The CDF II detector
• Tracking:

• Silicon tracker allows
precision vertex
detection|η|<2

• Drift chamber |η|<1
measures charged
particle PT

• Calorimeter split in EM and
HAD devices |η|<3.6

• Shower maximum detector
in EM cal

• Muon chamber outside calorimeter
    coverage |η|<1.5

All important for top physics!
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Top quark production

• Proportions inverted at
7TeV LHC

• Ttbar cross section 20
times larger at LHC

• T-channel xsec 30 times
larger at LHC

• S-channel xsec increases
very little at LHC (while
backgrounds do much
more)
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How many?

Up
 to

 5
.8

 fb
-1

Delivered >10.0 fb-1

Acquired ~9 fb-1* (slightly less w/ silicon)
Almost 6 fb-1* analyzed

Cross sections O(1pb)
Some 150 000 top evts

produced already→
Tevatron small top factory

*CDF shown here
Similar numbers for D0
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CDF top physics in the LHC era
– Precision phyiscs in the top sector

• A precision on Mtop below 1GeV is achievable. Crucial to constrain the
Higgs boson mass but also new physics, and to calibrate LHC detectors!

• A precision on Vtb below 5% is achievable. Chance to discover new
physics

– Complementarity with the LHC program
• Forward backward asymmetry will need a lot of data and different

phase space at LHC. Similar for spin correlation (but it’s hard at the
Tevatron too)

• Single top s-channel has favorable S/B ratio at the Tevatron

– Any sign for new physics in the top quark signature?
• Anomalously large forward backward asymmetry!
• Stringest exclusions fo 4th generation of quarks (t’,b’)
• sensitive to leptophobic exotic bosons (W’→tb,Z’ →tt) up to 1 TeV
• probing presence of SUSY charged Higgs, axigluons, etc.etc.
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What we know about top quarks
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What we know about top quarks
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From top to Higgs
Direct searches and indirect constraints - top
quark mass and W mass especially - point to
a relatively light Higgs boson

Latest fit (Moriond 2011): MH=120+8
-5GeV/c2

95% interval: {115,137} GeV/c2
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Pair production decay signatures

Potential to analyze
more than 15 000 top
quarks by end 2011

• Lepton+Jets
– large BR(30%)
– good S/B ratio.

• Dileptonic
– Highest S/B
– lowest BR(5%)

• All hadronic
– highest BR(44%)
– Very large QCD background

• Tau modes
– explicit tau identification

• MET + jets
– Lepton+jets and dileptonic decays

where electron/muon is not id’ed.
Large acceptance to taus
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Top quark mass at CDF
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Mtop measurement
represents the crowning of
the top quark studies.
The related publications
constitute 35% of the top
group publication output

True CDF legacy

More than 1250 citations!

And still improving…
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Mtop measurement in tt→bbqqqq

• Jet energy scale is the largest syst
uncertainty: use W→qq decays to constrain
it in situ

• Fully reconstruct the kinematics so to
reconstruct the top quark mass

Mtop= 172.5 ± 1.7 (stat.+JES) ± 1.2 (syst.) GeV/c2

•Use b-tagging and
multivariate techniques to
isolate the signal from the
overwhelming QCD
background
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Mtop measurement in tt→bbqqET

• Choose dijet pair with closest to W mass
to measure jet energy scale

• Reconstruct one of the two decaying top
to measure the top quark mass!

Mtop= 172.3 ± 2.4 (stat.+JES) ± 1.0 (syst.) GeV/c2

•Limited lepton ID
mostly due to limited
detector coverage

•But ttbar events
have striking
kinematics, and you
can still fully
reconstruct one top in
this sample

×
/
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CDF Mtop combination
Combining results obtained
• in different datasets

– consistency between 8 analyses
– Indepent datasets, about 5000

top pair evts analyzed!
• with different techniques

– robustness
– affected by different systematic

sources

Mtop= 172.7 ± 0.6 (stat) ± 0.9 (syst.) GeV/c2

As sensitive as 2010 Tevatron average!
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Direct measurements from D0
• By Moriond QCD, D0 updated the Mtop measurements in the lepton+jets and

dilepton channels using matrix element technique

• Ljets: reduced systematics, new transfer functions

• Dilepton: more data

Mtop= 174.9 ± 0.8 (stat) ± 1.3 (syst.) GeV/c2

Mtop= 173.6 ± 1.8 (stat) ± 2.6 (syst.) GeV/c2

Tevatron has already 4 new precision measurements,
Will soon update the world’s average!
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Indirect measurement from D0

• Q. what is the Mtop we are measuring?A. The
Monte Carlo mass

• Q. what is the quark mass? A. mass is a
renormalization scheme-dependent quantity

• General agreement that m(MC) is close to the
m(pole)

D0 challenges this assumption:
• use D0 σ(ttbar) meas in arxiv:1101.0124 and its

dependence on Mtop in MC
• assume Mtop in MC is the pole mass
• compare it to NLO computations to measure

pole mass Mtop
pole= 167.5 +5.4 

-4.9 GeV/c2

agreement (1 sigma) with Tevatron world average
MS interpretation disfavored

*

*using Moch and Uwer

- Similar result from ATLAS
ATLAS-CONF-2011-054
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What we know about top quarks
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Top-antitop mass difference
Test of CPT

violation
arXiv:1103.2782
Accepted by PRL

Update of PRL 103, 132001
with three times the data

Δ Mtop= -3.3 ± 1.4(stat) ± 1.0(syst) GeV/c2

Δ Mtop= +0.8 ± 1.8(stat) ± 0.8(syst) GeV/c2
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What we know about top quarks
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Why measure Single Top?
•  Access to the W-t-b vertex

–  probe V-A structure
–  access to top quark spin

•  Allows measurement of CKM matrix
 element |Vtb|:
– Is there a 4th generation ?
– Does unitarity hold ?

• t- and s-channel sensitive to (different) 
BSM physics
– FCNC
– Extra gauge bosons (W’, Wkk)

Vtb

J. Alwall et. al., “Is |Vtb|~1?”
Eur. Phys. J. C49 791-801 (2007).

?
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A 5.5fb-1 result

20% better than single experiment determination

lepton + MET + jets

Important to have a result
in a different signature
(and in both experiments)
to increase confidence
Crucial to combine them to
increase precision

arXiv:0908.2171

lepton + MET + jets MET + jets 



Fabrizio Margaroli CNRS seminar 23

Tevatron combined fit:

Direct |Vtb| Measurement
•Using cross section result measure |Vtb|
•Assume Standard Model (V-A) coupling
•and |Vtb| >> |Vts|, |Vtd|
•(from BR(t →Wb) measurements)

|Vtb|= 0.91 ± 0.08 (exp+theor)

|Vtb|>0.79 at 95% C.L.

|Vtb|

Combination increases precision from 13% to 9% on Vtb
arXiv:0908.2171
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s- vs t-channel
• The two observation analyses measured combined single top quark cross

section, assuming SM ratio between s and t
• This ratio is modified in several new physics scenarios

– for example in models with additional quark generations,
– new heavy bosons (like the one that explain the anomalous forward

backward asymmetry :)
– anomalous top quark couplings
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CDF Top physics group in numbers

0

5

10

15

20

25

2004 2005 2006 2007 2008 2009 2010 2011

Drafts

Submitted/accepted

Published

84 publications in RunII 
73 in peer-reviewed papers
11 combinations
  8 topcite 50+
  7 topcite 100+
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CDF Top physics in numbers
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84 publications in RunII 
73 in peer-reviewed papers
11 combinations
  8 topcite 50+
  7 topcite 100+

2011 will be the most
productive year for top
phsyics at CDF!
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CDF Top physics in numbers
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84 publications in RunII 
73 in peer-reviewed papers
11 combinations
  8 topcite 50+
  7 topcite 100+

I picked two major
breakthrough (Mtop and
single top). A lot of physics
done, everything SM so far.
Then came 2011…
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What we don’t know about top

!



Fabrizio Margaroli CNRS seminar 29

C asymmetry in ttbar production
• L0 collision is charge-symmetric
• NLO produces asymmetry through interference

• Net result is a positive asymmetry of about 5%
• Several exotic ttbar production modes generate at tree-level a larger C through

the interference with SM qq → tt.

between ttj states

between box and 
Born diagram
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Experimental determination(1)

AFB
SM = 1 ± 1.5 %

AFB
D0  = 8.0 ± 4 %

vs

2σ

Lep 
Lep + Jets

+ Jets

A ppbar collider is best suited to study the
forward backward asymmetry of top
quark production

• NLO QCD predicts small asymmetry
from qqbar → ttbar, about 5%

*reconstruction level
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Experimental determination(2)

AFB
SM = 5.0 ± 1.5 %

AFB
CDF = 15.0 ± 5 %

2σ

Lep 
Lep + Jets

+ Jets

A ppbar collider is best suited to study the
forward backward asymmetry of top
quark production

• NLO QCD predicts small asymmetry
from qqbar → ttbar, about 5%

*parton level

vs

hep-ex/1101.0034
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Dependence on Q2

AFB
SM =   8.8 ± 1.3 %

AFB
CDF =   48 ± 11 %

>3σ

Lep 
Lep + Jets

+ Jets

A ppbar collider is best suited to study the
forward backward asymmetry of top
quark production

• NLO QCD predicts small asymmetry
from qqbar → ttbar, about 5%

• Study of Q2 dependence - M(ttbar)
probes more finely NLO QCD
computations. Also, it is a more sensitive
probe to new physics

*parton level

vs

hep-ex/1101.0034
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Experimental determination(3)

Dilepton

Dilepton

2.3σ

AFB
SM = 5.0 ± 1.5 %

AFB
CDF = 42 ± 16%

A ppbar collider is best suited to study the
forward backward asymmetry of top
quark production

• NLO QCD predicts small asymmetry
from qqbar → ttbar, about 5%

• Study of Q2 dependence - M(ttbar)
probes more finely NLO QCD
computations. Also, it is a more sensitive
probe to new physics

• Model building must contend with
precisely measured ttbar xsection and
direct searches of exotic resonances
decaying to ttbar

*parton level

vs
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Experimental determination(3)

Dilepton

Dilepton

2.3σ

AFB
SM = 5.0 ± 1.5 %

AFB
CDF = 42 ± 16%

A ppbar collider is best suited to study the
forward backward asymmetry of top
quark production

• NLO QCD predicts small asymmetry
from qqbar → ttbar, about 5%

• Study of Q2 dependence - M(ttbar)
probes more finely NLO QCD
computations. Also, it is a more sensitive
probe to new physics

*parton level

vstwo experiments (CDF D0) to study this effect
two different decay modes at hand
twice the data yet to be analyzed!
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16y later, top is again in the press

.

.

.

.
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From lepton rapidity to top rapidity
   

Le
pt

on
s 

 Top quarks
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The high mass asymmetry
Here a 3 sigma effect, plus a 2 sigma

effect…

How bad can the theoretical
predictions be?
• asymmetry appears only at NLO

(so in a way, the theoretical
computations are just leading order)

• Approx NNLO in agreement with
NLO

• Full NNLO prediction will take time!
about a year

• Before that, as experimentalists we
need to get ourselves busy
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Let’s play the phenomenologist
While we wait for NNLO computations to be completed, we can entertain

ourselves in two possible ways
1) Increase precision on AFB measurements (more CDF data, D0 measurements)
2) Test the new physics scenarios that are in hand at Tevatron energy that could

explain the large AFB

Connect the dots!
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SM top prediction vs CDF data

From S.Westhof Moriond EWK talk

PRL 105 012001,
Conf. Note 9913

PRL 102 222003

Arxiv:1101.0034Arxiv:1101.0034

Apparently no strong constraints from B physics…
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Is this an a heavy W’?
• W’ that couples preferentially to top quarks, should also decay to top (and

bottom) if heavy enough
• Same signature of s-channel single top production (difficult at the LHC) for the

direct search for W’to tb

PRL 103, 041801 (2009)Arxiv:1101.0806
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Or a axigluon/heavy Z’?

Z’<900GeV excluded at 95%CL Z’<820GeV excluded at 95%CL

No sign of narrow
width resonances
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Or SUSY-like?
• It has been argued that stop -> top + chi can lead to a significant enhancement

of the forward-backward asymmetry in ttbar production at the Tevatron.

•A similar search (but with fermionic
hypothesis) done by CDF in the
lnu+many jets channel Arxiv:1103.2482

•Similar search (less sensitive) by ATLAS
ATLAS-CONF-2011-036

•SUSY signature some 10 times
smaller. But the MET+many jets
signature is supposed to be much
more sensitive (negligible physics
background)
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Is it a light W’/Z’ instead? (part1)
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Is it a light W’/Z’ instead? (part2)
• Z’ with uZ’t coupling that has also uZ’u coupling. Direct search Z’→uu very

difficult due to huge background. Search performed only by UA2, weak limits
that can be evaded

• CDF has a similar analysis that stems from the observation of dibosons in lνqq
sample. An excess is seen and investigated

• Significance of the excess is 3 sigma. Need to hear a word from D0!

Appeared yesterday
arXiv:1104.0699 
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Is it a light Z’ instead? (part3)
• A t-channel exchange of Z’ should produce abundant same sign top pairs

Freshly approved search for such a signature.
No signs here as well…
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Summary
• Sixteen years after its discovery, the knowledge of the top quark has greatly

expanded thanks to the large Tevaron dataset
– extensive measurements of top quark intrinsic properties, study of its

production and decay. Lots of physics but all SM :(

• We are into LHC era, and Tevatron still playing an important role:
– some Tevatron measurements - its mass! - have broad impact to our field,

and will be a long standing legacy
– others such as charge asymmetry, spin correlations are

unique/complementary to the LHC program
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Summary
• Sixteen years after its discovery, the knowledge of the top quark has greatly

expanded thanks to the large Tevaron dataset
– extensive measurements of top quark intrinsic properties, study of its

production and decay. Lots of physics but all SM :(

• We are into LHC era, and Tevatron still playing an important role:
– some Tevatron measurements - its mass! - have broad impact to our field,

and will be a long standing legacy
– others such as charge asymmetry, spin correlations are

unique/complementary to the LHC program

• Study of forward-backward asymmetry of top events shows first significant
discrepancy with SM. Is “the bumpt” the cause?A close collaboration between
theorists, and experimentalists from Tevatron and LHC will very soon clear the
fog!

Stay tuned!



Fabrizio Margaroli CNRS seminar 48

Backup
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Mtop: where we stand

Combination
shown at Moriond
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The inclusive asymmetry

Three independent 2 sigma effects, same sided

N
LO

 Q
C

D
 prediction
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No multivariate

D0  (L=4.3fb-1): σtt = 7.93 ± 0.98 (stat+syst+lumi) pb
CDF(L=4.3fb-1): σtt = 7.32 ± 0.71 (stat+syst+theory) pb

Counting experiment after background understanding:
• W+HF cross section underestimated in the MC: W+HF

content measured in data in the 1 or 2 jet event sample
•  b-tagging mistag rate measured in data,

parametrization applied to W+jets
• CDF measures ratio of ttbar/Z→ll with the same trigger

and use the theoretical Z cross section to remove the
uncertainty due to luminosity measurement

PRL 105 012001 (2010)
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With multivariate

3jets

≥4jets

D0  (L=4.3fb-1): σtt = 7.70 ± 0.75 (stat+syst+lumi) pb
CDF(L=4.6fb-1): σtt = 7.82 ± 0.55 (stat+syst+theory) pb

PRL 105 012001 (2010)

•One step further: signal/background discrimination:
•ttbar more energetic, central and isotropic than W+jets
•NN (CDF) or BDT (D0) input variables: Ht, aplanarity,

sphericity, etc.
•cross section measurement: template fit of ttbar and

W+jets to the discriminant output
•CDF measures ratio of ttbar/Z→ll with the same trigger

and use the theoretical Z cross section to remove the
uncertainty due to luminosity measurement

≥3jets
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Thousands of top events analyzed

• Study all decay modes
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Thousands of top events analyzed

• Study all decay modes
• Utilize all hadronic W to

measure the jet energy
scale
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Thousands of top events analyzed

• Study all decay modes
• Utilize all hadronic W to

measure the jet energy
scale

• Measure the top-antitop
difference and top width
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Single top observation at CDF
• Observing electroweak production of single top quarks crucial goal for CDF:
• I first used the MET+(b)jets signature to recover non-reconstructed

electrons/muons - sample rich in τs. Adds 50% acceptance per fb-1

• MET+jets much harder than l+MET+jets:
– less objects in the final state → more backgrounds
– impossible to reconstruct top resonance

• Required state-of-the-art QCD understanding and rejection through several
innovative techinques:
– Rejection of QCD using kin. and topology, and MET from tracker in NN
– Precise data-driven modeling for QCD

• Now other searches in the same signature are 
benefitting from all of the above:
– dibosons, SUSY quark and gluinos
– low mass Higgs searches - see later

arXiv:1001.4577, submitted to PRD
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The experimentalist view

WZ
Top!Nec plus ultra?

Or Antlantis?

The knowledge of the top quark will ultimately guide us into the unknown

What lies aftter the
pillars of Hercules ? J/ψ

ϒ
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The end - a new beginning?

The TeV horizon
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Why measure Single Top (2)?
• Background to most sensitive low mass Higgs searches at Tevatron!
• σWH ~ 1/10 σSingletop

• Today’s signal, tomorrow’s background!
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CDF results and combination

2.1σ

4.8σ

Phys. Rev. Lett. 103, 092002 (2009)

MET + jets lepton + MET + jets

Highly correlated analyses (identical dataset)
historically observed deficit of signal

Completely independent analysis
(100% independent data, partly

different sytematics)

5σ Observation!

+

=
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Lepton+jets decays:
one jet with mass~175, large MET

all-hadronic decays:
two tops with mass~175

Or a axigluon/heavy Z’? (part 2)
• Study boosted top → Probe NLO QCD/understand boosted jets/search for NP

• Cross section for SM ttbar with Pt(top) ≥ 400GeV is a handful of fb
• direct identification of the W decay and the b quark unfeasible
• jet has mass close to Mtop → very different from jets from q/g

/
Set limits on boosted SM ttbar xsec <40 fb @ 95CL

M(Lead jet) vs M(sublead jet) Lead jet mass vs ET/∑ET)
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Not enough time…

Many more results! 
Check our public web page for full list

www-cdf.fnal.gov/physics/new/top/top.html
www-d0.fnal.gov/Run2Physics/WWW/results/top.htm
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Statistics 101

• 1 sigma 1 sided = 16%
• 2 sigma 1 sided = 2.3%
• 3 sigma 1 sided = 0.14%
• 4 sigma 1 sided = 0.003%
• 5 sigma 1 sided = 0.00002%

1 order of magnitude less likely per each sigma

2 orders of magnitude(!) less likely per each sigma

Please keep in mind: sigmas are not a linear scale!!!

The 3 sigma evidence, 5 sigma observation is an arbitrary standard that was set to
minimize the rate of false discoveries at the time where our business was
considered large: O(100) people per collaboration, 1nb-1 of data

HEP increased exponentially since then in both amount of experimenters and data
and thus distributions we look at. It’s always best to translate “sigmas” in p-value
and then use your own judgement.
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On “the bump” and the JES
• JES is a complex business, but (as with every systematic) one where you learn

fast with new data. In other words, JES can be
– 10% before you get collisions: test-beam, single particle response)
– 5% months later: first gamma+jet and dijet
– 2% one year later: Z+jets and ttbar

• JES validated period-by-period
using gamma+jet events(mixture
of quark and gluon jets)

• Shown here is Pt(gamma)-
Pt(jet)/Pt(gamma)

3% band
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JES from ttbar events
• Pure samples of light quark jets
• About 5000 hadronic Ws, from

three different ttbar decay modes,
all right on the spot!

• JES for light quarks cab be
summarized as 0.5+-1%

More plots/infos 
on http://www-cdf.fnal.gov/physics/new/top/public_mass.html

+ more… • JES for light quarks cab be
summarized as 0.5+-1%
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JES from Z→bb


