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Why is top mass important?
•Top has strongest 

coupling to EWSB 
sector. 

•Vacuum stability 
depends on mt  
(Nojiri's lecture)

•mH ~ 126 GeV 
potentially observed

•mt = 173.2±0.9 GeV 
@Tevatron most 
precise measurement
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Tevatron

• pp collider,         = 1.96 TeV,  ∫ L dt = 8.7 fb-1

• Hermetic, silicon trackers, calorimeter, muon trackers

CDF Detector

2

I. INTRODUCTION

This note describes a measurement of the mass of the top quark using pp̄ collisions at
√

s = 1.96 TeV with the
CDF detector at the Tevatron. The mass of the top quark is of much interest to particle physicists, both because
the top quark is the heaviest known fundamental particle, and also because a precise measurement of the top quark
mass helps constrain the mass of the Higgs boson. Top quarks are produced predominantly in pairs at the Tevatron,
and in the Standard Model decay nearly 100% of the time to a W boson and a b quark. The topology of a tt̄ event
is determined by the decay of the two W bosons, as each W boson can decay to a lepton-neutrino pair (lν) or to a
pair of quarks (qq’). We look for events triggered by a large missing ET and multiple jets, typically those with one W
boson decaying hadronically and the other decaying leptonically. The CDF detector is described in [1]. This analysis
is based on a similar measurement of the top quark mass using 5.6 fb−1 of CDF data [2], but has improvement in
selecting and reconstructing the candidate events.

Our measurement is a template-based measurement, meaning that we compare quantities in data with distributions
from simulated MC events to find the most likely top quark mass. We reconstruct the top quark mass for each event
by fitting a χ2 function fitter, and choose the masses with the best and second-best χ2 values as the two kinematic
variables for top quark mass. We also reconstruct a (mjj) from the decay products of W resonance since it is sensitive

to possible miscalibration of (jet energy scale) JES in the CDF detector.
Monte Carlo samples generated with 76 different Mtopare run through a full CDF detector simulation assuming

29 possible shifts in ∆JES. The values of the three sets of observables in data are compared to each point in the MC
grid using a non-parametric approach based on Kernel Density Estimation (KDE). Local Polynomial Smoothing is
used to smooth out these points and calculate the probability densities at any arbitrary value of Mtopand ∆JES. An
unbinned likelihood fit is used to measure Mtop and profile out ∆JES.

II. EVENT SELECTION

At the trigger level, the candidate events are selected by requiring high jet-multiplicities. Offline, a series of clean
up cuts are applied first. The events are required to have a missing ET significance > 3 GeV1/2 and events with tight
or loose leptons are rejected, so that the measurement is independent of other CDF top quark mass measurements.
We also require at least four jets and at most six jets in the final state. A neural network training with two hidden
layers is performed after the clean up selection to enhance the signal-to-background ratio.

To improve the statistical power of the method, we divide each event sample into two subsamples, depending on
the number of jets identified as arising from the hadronization and decay of b quarks. The secvtx [7] algorithm uses
the transverse decay length of tracks inside jets to tag jets as coming from b quarks.

III. BACKGROUND ESTIMATION

We use a data driven background estimation in this analysis. Because the probability for a jet to be identified as a
b-quark jet is different for the jets in the ttbar events and in the QCD production with heavy flavor process, which
dominates the background process of this analysis, we can use this feature to estimate the background rate in the
data. We build a per-jet b-tag rate matrix from a ttbar-signal-negligible data sample, which consists of events with
exactly three jets, and parameterize the b-tag probability as a function of three jet characteristics: jet transverse
energy, jet number of tracks, and the MET projection along the jet direction.

We apply the btag rate matrix to events at higher jet-multiplicities to estimate the background rate. At higher
jet multipliticies, however, the tt̄ signal contamination is not negligible. We use an iterative correction method to
remove the sizable tt̄ events in each jet bin in order to correct our background prediction. We validate our background
estimation by comparing the expected and observed number of b-tagged events at different jet-multiplicities at the
background dominant region with Neural Network output less than 0.4, as shown in Table I.

TABLE I: Expected and observed number of b-tagged events at different jet-multiplicities at the background dominant region
NNoutput < 0.4.

Jet Multiplicity 3 jets 4 jets 5 jets 6 jets ≥ 7 jets
Observed 13360 34967 20863 8729 5369
Expected 12930.4 34444.4 20597.9 8653.36 5217.32

Difference(%) 3.2 1.5 1.3 0.8 2.8
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ttbar at Tevatron

• Split to 4 main channels:

• tt → qq’b    lνb                    (l+jets)

• tt → qq’b  qq’b             (all had)

• tt → l-νb   l+νb                   (dilepton)

• tt → qq’b   τ/l (→jet)νb  (MET+jets)
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Analysis Channels
Channel Lep+jets All-had Dilepton MET+jets

Data 5.6 fb-1 5.8 fb-1 5.4 fb-1 8.7 fb-1

Nselected ~1.7k ~3.0k ~0.8k ~1.4k

Jets 4 jets
1+ b-tag

6+ jets
1+ b-tag

2+ jets
0/1 b-tag

4+ jets
1+ b-tag

Leptons 1 lepton
Large MET

Small METsig:
 

2 lep (+/-)
Large MET

No lepton
Large METsig:

Main 
background W+jets QCD multijet Z/ɣ*+jets

QCD 
multijet
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(tt̄ → W+bW−b̄ → q1q̄2b q3q̄4b̄) are considered. This
all-hadronic final state has the largest branching ra-
tio among the possible decay channels (46%), but it
is overwhelmed by the QCD multijet background pro-
cesses, which surpass tt̄ production by three orders of
magnitude even after a dedicated trigger requirement.
Nevertheless, it will be shown how this difficult back-
ground can be successfully controlled and significantly
suppressed with a properly optimized event selection.
The fundamental analysis technique is the same ex-
ploited to obtain the previous result from CDF, and
is described in details in [3]. However, improvements
in the event selection and a larger dataset allow us to
decrease the total uncertainty on Mtop by 21%. The
additional dataset has been acquired at higher instan-
taneous luminosity, which results in a higher number
of background events in the data sample. Despite this
fact, the introduction of significant improvements to
the analysis results in the world best measurement of
Mtop in the all-hadronic channel so far, also entering
with the third largest weight in the Mtop world aver-
age calculation [4, 5].

The data correspond to an integrated luminos-
ity of 5.8 fb−1. They have been collected between
March 2002 and February 2010 by the CDF detec-
tor, a general-purpose apparatus designed to study
pp̄ collisions at the Tevatron and described in de-
tail in [6]. Events used in this measurement are se-
lected by a multijet trigger [3], and retained only if
they are well contained in the detector acceptance,
have no well identified energetic electron or muon,
and have a missing transverse energy "ET [7] satisfying
"ET /

√

∑

ET < 3GeV
1
2 , where

∑

ET is the sum of
the transverse energy ET of all jets. Candidate events
are also required to have from six to eight “tight”
(ET ≥ 15GeV and |η| ≤ 2.0) jets. After this pres-
election, a total of about 5.7M events is observed in
the data, with less than 9 thousand expected from
tt̄ events. To improve the signal-to-background ratio
(S/B) a b-tagging algorithm [8] is used to identify (“b-
tag” or simply “tag”) jets that most likely resulted
from the fragmentation of a b quark. Only events
with one to three tagged jets are then retained, im-
proving the S/B by a factor of 6. In order to further
increase the signal purity, a multivariate algorithm is
implemented. An artificial neural network, based on a
set of kinematic and jet shape variables [3], is used to
take advantage of the distinctive features of signal and
background events. The neural network was trained
using simulated tt̄ events generated by Pythia [9] and
propagated through the CDF detector simulation. At
this level of selection the fraction of signal events is
still negligible so that the data can be used to repre-
sent the background. The value of the output node,
Nout, is used as a discriminant between signal and
background, providing a gain in S/B by an additional
factor of about 30.

The background for the tt̄ multijet final state comes
mainly from QCD production of heavy-quark pairs

(bb̄ and cc̄) and events with false tags from light-
quark and gluon jets. Given the large theoretical
uncertainties on the QCD multijet production cross
section, the background prediction is obtained from
the data themselves. The probability of tagging a
jet in a background event (P+) is evaluated using
data with five tight jets and passing the preselection
(S/B ≈ 1/2000). This “tag rate” is parametrized in
terms of a few relevant jet variables and is then used
to estimate the probability that a candidate event be-
longs to the background and contains a given number
of tagged jets. As described in detail in [3] this allows
to predict the expected amount of background events
in the selected samples as well as their distributions.
For example, the average number of background 1-tag
events is estimated by

∑

events





Njets
∑

i=1

Ci
1 tag · P

+
i

∏

k "=i

(

1− P+
k

)





where the outer sum runs over all events selected
just before the b-tagging requirement, and the in-
ner one over the jets of the event. The factor C1 tag

represents a correction to take into account correla-
tions among jets within the same event [3], and it is
parametrized as a function of the same variables used
for the tag rate.

The analysis employs the template method to mea-
sure Mtop with simultaneous calibration of the jet en-
ergy scale (JES) [3, 10], allowing a strong reduction of
the associated systematic uncertainty. Distributions
of variables sensitive to the “true” values of Mtop and
JES, obtained by Monte Carlo (MC) events, are used
as a reference (“template”) in the measurement. A
maximum likelihood fit is performed to define the val-
ues that best reproduce the same distributions as ob-
served in the data. An usual choice is to consider the
distributions of the event-by-event reconstructed top
quark mass, mrec

t , and W boson mass, mrec
W as the ref-

erence templates. The JES is a multiplicative factor
representing a correction applied to the raw energy of
a reconstructed jet (Eraw

T ), so that its corrected energy
ET = JES · Eraw

T , is a better estimate of the energy
of the underlying parton [11]. Discrepancies between
data and simulation result in an uncertainty on the
JES value to be applied in MC events to reproduce
the data, and, as a consequence, on the measurements
ofMtop. Nevertheless, this value can be calibrated “in
situ”, using mrec

W as a template. This represents a well
tested technique, first applied in [10] and now used to
obtain the most precise top quark mass measurements
at the Tevatron [4, 5].

The templates are built as follows [3]. For each se-
lected event, each of the six highest-ET jets is assigned
in turn to one of the six quarks of a tt̄ all-hadronic fi-
nal state. Then, for each combination the jets are
arranged in two triplets (the top quarks), each includ-
ing a doublet (corresponding to the W boson) and a

jet
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FIG. 4: Probability density functions for the signal mrec
t templates for 1-tag (left plots), and ≥ 2-tags events (right plots) for a

constant ∆JES value (0 σJES), but varying the input top quark mass (upper plots) and for a constant Mtop value (172.5 GeV/c2),
but varying the input jet energy scale (lower plots).

VII. LIKELIHOOD

The simultaneous measurement of the top quark mass and the jet energy scale by the template method (TMT2D)
consists in finding the values of Mtop, JES, and the number of signal (ns) and background (nb) events for each
tagging category which best reproduce the observed distributions of mrec

t and mrec
W , as reconstructed in the selected

data samples, given the p.d.f.’s expected for signal and background.
This is done by performing a fit where a likelihood function is maximized, or, equivalently, its negative logarithm

is minimized. This function is divided into 3 main parts: the first two terms are the ones strictly needed for the Mtop

and the JES in situ measurements, where the probability for the observed distributions are calculated as a function
of the free parameters (Mtop, ∆JES, n1tag

s , n1tag
b , n≥2tags

s and n≥2tags
b ) for the two tagging categories, taking also into

account the a priori expectation for the background normalizations and their errors, while the third one constrains
the JES parameter to the a priori independent measurement [2] (i.e. ∆JES = 0 σJES in our notation) to reduce the
uncertainty on this variable.

Namely the likelihood, L, is written as :

L = L1 tag × L≥2 tags × L∆JESconstr

8

(Mtop, ΔJES)
Mtop = MC top mass

ΔJES = jet energy scale 
correction factors

The minimum -Ln(L/Lmax) 
gives our Mtop

mtop extraction
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Combining Results
• Results from each channel are 

combined using a weighted 
average:

• Weights derived to minimise 
final error

6
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TABLE V: Correlations in % among the input mt measurements and their weights in the BLUE combination.
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We assess the consistency of the input mt

measurements with their combination using a χ2
test statistic, defined as follows:
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Results

WARNING
mtcomb has no theoretically well-defined relationship to mtpole 7
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t

= 173.18± 0.56 (stat)± 0.75 (syst) GeV



19

TABLE V: Correlations in % among the input mt measurements and their weights in the BLUE combination.
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Lepton+jets Run I CDF 45 21 100 26 25 32 54 12 29 11 22 7 -4.72
Lepton+jets Run I D0 25 14 26 100 12 14 27 7 15 16 10 5 -0.06
Alljets Run II CDF 25 16 25 12 100 15 25 10 15 7 14 4 13.99
Alljets Run I CDF 26 9 32 14 15 100 38 6 19 7 14 4 -0.80
Dileptons Run II CDF 44 11 54 27 25 38 100 7 32 13 22 6 1.41
Dileptons Run II D0 12 39 12 7 10 6 7 100 8 5 10 3 2.28
Dileptons Run I CDF 26 13 29 15 15 19 32 8 100 8 14 4 -1.05
Dileptons Run I D0 11 7 11 16 7 7 13 5 8 100 6 2 -0.15
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FIG. 6: The twelve input measurements of mt from the Tevatron collider experiments along with the resulting combined value
of mcomb

t . The grey region corresponds to ±0.94 GeV.

We assess the consistency of the input mt

measurements with their combination using a χ2
test statistic, defined as follows:

χ2
comb =

(

m
i
t −m

comb
t

)T

× Covariance−1
(

mi
t,m

j
t

)(

m
j
t −m

comb
t

)

,

Results

WARNING
mtcomb has no theoretically well-defined relationship to mtpole 7

mcomb

t

= 173.18± 0.56 (stat)± 0.75 (syst) GeV

ATLAS:  174.5 ± 0.6 ± 2.3 GeV (l+jet)
     CMS:  173.4 ± 0.4 ± 0.9 GeV (comb)



• Why is top mass important?

• Fate of universe depends on it!

• How is top mass measured at Tevatron?

• Mainly by l+jets and all-jets using likelihood methods

• Combination of Tevatron results gives 

• 173.2±0.9 GeV.

• Relation between mtcomb and mtpole is still under debate

• Measurement from inclusive cross-section is 
unambiguous

• Best to measure at high energy e+e- (e.g. ILC)

Summary & Discussion
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• Fate of universe depends
on it!

• How is top mass measured at
Tevatron?

• Mainly by l+jets and
all-jets using likelihood
methods

• Combination of Tevatron results gives 

• mt = 173.2±0.9 GeV.

• Relation between mtcomb and mtpole is still
under debate

• Measurement from inclusive
cross-section is unambiguous

• Best to measure at high energy e+e- (e.g. ILC)
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FIG. 4: Probability density functions for the signal mrec
t templates for 1-tag (left plots), and ≥ 2-tags events (right plots) for a

constant ∆JES value (0 σJES), but varying the input top quark mass (upper plots) and for a constant Mtop value (172.5 GeV/c2),
but varying the input jet energy scale (lower plots).

VII. LIKELIHOOD

The simultaneous measurement of the top quark mass and the jet energy scale by the template method (TMT2D)
consists in finding the values of Mtop, JES, and the number of signal (ns) and background (nb) events for each
tagging category which best reproduce the observed distributions of mrec

t and mrec
W , as reconstructed in the selected

data samples, given the p.d.f.’s expected for signal and background.
This is done by performing a fit where a likelihood function is maximized, or, equivalently, its negative logarithm

is minimized. This function is divided into 3 main parts: the first two terms are the ones strictly needed for the Mtop

and the JES in situ measurements, where the probability for the observed distributions are calculated as a function
of the free parameters (Mtop, ∆JES, n1tag

s , n1tag
b , n≥2tags

s and n≥2tags
b ) for the two tagging categories, taking also into

account the a priori expectation for the background normalizations and their errors, while the third one constrains
the JES parameter to the a priori independent measurement [2] (i.e. ∆JES = 0 σJES in our notation) to reduce the
uncertainty on this variable.

Namely the likelihood, L, is written as :

L = L1 tag × L≥2 tags × L∆JESconstr

8

• PDF derived from: 

1. LO S-matrix element 
for given Mtop

2. Transfer function which 
maps given ΔJES

(Mtop, ΔJES)

Matrix element

Template fitting
PDF derived by fitting 
Monte Carlo samples with a 
given mtop and ΔJESlep+jets

all others

All had channel



BLUE
• Best Linear Unbiased 

Estimator

• Weighted average with 
correlated input values

• Features:

1. Linear combination of 
individual estimates

2. unbiased estimate

3. minimum possible 
variance sigma^2

E =

2

6664

var(X1) cov(X1, X2) · · · cov(X1, Xn)
cov(X2, X1) var(X2) · · · cov(X2, Xn)

...
...

. . .
...

cov(Xn, X1) cov(Xn, X2) · · · var(Xn)

3

7775

ŷ =
X

↵i yi
X

↵i = 1

�2 = ↵T E ↵

↵ = E�1U/(UT E�1 U)

http://www.sciencedirect.com/science/article/pii/0168900288900186

http://www.sciencedirect.com/science/article/pii/0168900288900186
http://www.sciencedirect.com/science/article/pii/0168900288900186


Combining Results
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Systematics Summary


