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Tevatron Run II

Accumulated luminosity

More than 1 fb−1 on tape!

Data sets used in
presented analyses

Method
R
Ldt

(pb−1)
CDF Template 318
CDF DLH 318
CDF Decay length 318
DØ Template 230
DØ Matrix Element 320
DØ Ideogram 160
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CDF and DØ

CDF DØ

Precise tracking and vertexing
new/bigger silicon/fiber tracker, new drift chamber, TOF

Upgraded calorimeter and muon systems

Upgraded DAQ/trigger
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Decays of the top quark

dilepton channel

BR ∼5%:
2 jets, 2 charged leptons, missing
energy from 2 ν’s

cleanest channel

lepton+jets channel

BR ∼30%:
4 jets, 1 charged leptons, missing
energy from 1 ν’s

compromise between statistics and
background

all-jets channel

BR ∼45%:
6 jets 2 ν’s

large backgrounds

All channels include 2 b-jets
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General procedure

1 Select signal-like events
(isolated lepton, missing energy, ≥ 4 jets)

2 Reduce background (mainly W+jets and QCD):

additional cuts
b-tagging

3 Reconstruct the final state (e.g., χ2 fit).
(Calculate masses mqqb and m`νb.)

4 Extract top-quark mass.
Templates, likelihoods, . . .

Important step in recent measurements:
Use in-situ mW constraint for jet energy scale calibration.
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CDF: Template Method, 318 pb−1

Uses in-situ mW constraint
to get jet energy scale (JES).

Event selection:

1 e or µ with pT > 20 GeV

Emiss
T > 20 GeV

≥ 3 jets ET > 15 GeV
4th jet with ET > 8 GeV

0, 1 or 2 b-tags

165 candidates subdivided into 4 sets:

0 b-tag: 4 jets ET > 21 GeV
high combinatorics; larger background

1 b-tag (tight): 4 jets ET > 15 GeV

1 b-tag (loose): 3 jets ET > 15 GeV, 4th jet
8 GeV < ET < 15 GeV

2 b-tags: 3 jets ET > 15 GeV, 4th jet
ET > 8 GeV
reduces combinatorics; best mass resolution;
low background

Category 2-tag 1-tag(T) 1-tag(L) 0-tag
expected S:B 10.6:1 3.7:1 1.1:1 N/A
No. events 25 63 33 44

Background estimates
Source Expected bkg.

2-tag 1-tag(T) 1-tag(L)
Non-W(QCD) 0.31±0.08 2.32±0.50 2.04±0.54

Wbb̄ + Wcc̄ + Wc 1.12±0.43 3.91±1.23 6.81±1.85
W+light jets 0.40±0.08 3.22±0.41 4.14±0.53

WW/WZ 0.05±0.01 0.45±0.10 0.71±0.13
Single top 0.008±0.002 0.49±0.09 0.60±0.11

Total 1.89±0.52 10.4±1.72 14.3±2.45
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CDF: Template Method, 318 pb−1

Mass reconstruction: Event-by-event χ2 fit for each combination.
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Select jet-quark combination and neutrino solution that gives smallest χ2 < 9.
mt is fit parameter:

tt̄ Herwig MC

templates
−→
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CDF: Template Method, 318 pb−1

Background shape obtained in similar way.

Template fits to data JES from fit to mW

Likelihood fit for mt

Lsample = Lmreco
t

shape×L
mjj

shape×Lnev×Lbg (for details see hep-ex/0510048)

Combined likelihood

Ltotal(mt , JES) = L2-tag × L1-tag(T) × L1-tag(L) × L0-tag × LJES
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CDF: Template Method, 318 pb−1

Don’t need to use external JES (with all its uncertainties). Can fit JES in-situ!

Combined likelihood JES vs. mt
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Systematic uncertainties

Source ∆mt (GeV) ∆JES (σ)
b-JES 0.6 0.25
Method 0.5 0.02
ISR 0.4 0.08
FSR 0.6 0.06
PDFs 0.3 0.04
Generators 0.2 0.15
Bkg. shape 0.5 0.08
b-tagging 0.1 0.01
MC stats 0.3 0.05
total 1.3 0.33

mt = 173.5+3.7
−3.6(stat. + JES) ± 1.3(syst.) GeV

(∆mt(JES) = 3 GeV)
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CDF: Dynamic Likelihood Method, 318 pb−1

Dynamic Likeihood Method (DLM)

Event selection:

1 e or µ with pT > 20 GeV

exactly 4 jets ET > 15 GeV

Emiss
T > 20 GeV

≥ 1 b-tag (SecVtx)

Then, calculate event-by-event likelihood

Li (mt) =R P
jet comb

P
νsol.

2π4

flux
|M2|F (z1, z2)f (pT )w(x , yt ; mt)dx

M: LO matrix element for tt̄ process

F (z1, z2): parton distribution function

f (pT ): pT distribution of tt̄ system

w(x, y ; mt ): transfer function (detector resolution)

No bkg. probability term

b-tagging to reduce
background.

Combine all events:
Q

events
Li .

Reconstructed mt vs. input mt

Background fraction from data
fit: 14.5%
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CDF: Dynamic Likelihood Method, 318 pb−1
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Data 63 events

)-1CDF Run II Preliminary (318 pb

Systematic uncertainties:

Source ∆mt (GeV)
JES 3.0
Transfer function 0.2
ISR 0.4
FSR 0.5
PDFs 0.5
Generator 0.3
Bkg. fraction 0.2
Bkg. modeling 0.4
b jet energy modeling 0.6
b-tagging 0.2
total 3.2

mt = 173.2+2.6
−2.4(stat.) ± 3.2(syst.) GeV
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DØ: Template method (topological), 230 pb−1

Event selection:

e or µ with pT > 20 GeV

≥ 4 jets with pT > 20 GeV

no b-tag

kinematic fit; use combination with
lowest χ2 < 10

Low bias discriminant DLB from 4
topological input variables.
DLB > 0.4

94 tt̄ candidates, S/B ∼ 1/1

Compare data to MC templates with
various mt → likelihood fit

mt = 169.9 ± 5.8(stat.)+7.8
−7.1(syst.) GeV

Low bias discriminant

Reconstructed top mass
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DØ: Template method (b-tag), 230 pb−1

Uses ’SVT’ secondary vertex tagger

similar l+jets selection

≥ 1 b-tagged jet(s)

≥ 4 jets with pT > 15 GeV

No cut on low bias discriminant DLB

69 tt̄ candidates, S/B ∼ 3/1

Reconstructed top mass

Systematic uncertainties

Source ∆mt (GeV)
JES −5.3 /+4.7
gluon radiation 2.4
signal modelling 2.3
jet energy resolution 0.9
calibration 0.5
bkg modelling 0.8
b-tagging 0.7
trigger bias 0.5
MC statistics 0.5
total 6.0

Topological analysis:
∆mt(JES) = −6.5/ + 6.8 GeV.

mt = 170.6 ± 4.2(stat.) ± 6.0(syst.) GeV
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DØ: Ideogram method, 160 pb−1

Based on same kinematic fit as template method, using same low-bias discriminant
DLB. Improves statistics by

using all jet/neutrino solutions for fitted mass mi , σmi , χ2

calculating event-by-event likelihood using all jet/neutrino solutions and probab. of
event to be background (using DLB)

L(mt , Psample) =
X

i

wi (Pevt · S(mi , σi , mt) + (1− Pevt) · BG(mi ))

wi = exp(−χ2
i /2) (best permutation gets highest weight)

S(mi , σi , mt) =

Z
dm′G(m′, mi , σi ) · BW (m′, mt , Γtop)

Signal likelihood based on Gaussian resolution and Breit-Wigner.

BG shape from Monte Carlo simulation.
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DØ: Ideogram method, 160 pb−1

Event selection (no b-tagging):

e or µ with pT > 20 GeV

≥ 3 jets with pT > 20 GeV
≥ 4 jets with pT > 15 GeV

lowest χ2 < 10, no cut on DLB

191 tt̄ candidates, S/B ∼ 1/2

Mass bias
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mt = 177.5 ± 5.8(stat.) ± 7.1(syst.) GeV

New results with 320 pb−1, b-tag and in-
situ JES calibration expected very soon!

Jochen Cammin (UR) Top 2006, Coimbra, Portugal – 01/12/06 15 / 25



DØ: Matrix element method, 320 pb−1

Uses in-situ mW constraint to calibrate jet energy.

Make maximal use of information in event by calculating probability for event to be
signal or background from the matrix element

P(x ; Mtop) = 1
σ

R
dnσ(y ; Mtop)dq1dq2f (q1)f (q2)W (x , y)

LO matrix element differential cross section
f(q) probability distribution of initial parton having momentum q
probability of parton level variable y to be measured as variable x

Input: 4-vectors of final-state particles, acceptance, resolution of detector

Pevt(x ; mt , JES) = ftop · Psgn(x ; mt , JES) + (1− ftop) · Pbkg(x ; JES)

Combine all events into likelihood:

− ln L(x1, . . . , xn; mt , JES) = −
nP

i=1
ln (Pevt(xi ; mt , JES)) .

Maximize likelihood L as a function of mtop and JES .
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DØ: Matrix Element method, 320 pb−1

Event selection
e or µ with pT > 20 GeV

exactly 4 jets with pT > 20 GeV,
(veto on 5th jet), no b-tag

Emiss
T > 20 GeV

∆φ cut between ` and Emiss
T

→ 150 candidate events

Likelihood technique to estimate signal
and bkg. fractions

Nevt ftop Ntop fQCD

150 36.4+11.3
−10.7% 54.7 11.2+1.8

−1.6%

This value of ftop only used for calibration.

Ensemble tests with MC events
Mass calibration

Pull distribution
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DØ: Matrix Element method, 320 pb−1

Simultaneous fit of mt , JES (from
mW constraint) and ftop.

Pevt(x ; mt , JES) =

ftop · Psgn(x ; mt , JES)

+(1− ftop) · Pbkg(x ; JES)

ftop = 31.6+4.9
−5.5%

mt projection

JES projection
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DØ ME: Cross check and systematic uncertainties

Cross check on W mass

scale jets by fitted JES factor

adjust Emiss
T accordingly

refit with mW as parameter

Expected stat. error 51
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FIG. 53: Uncalibrated error distributions for the mtop (left column) and JES (right column) estimators in Monte Carlo for

`+jets, e + jets, and µ+jets events. The arrow indicates the uncalibrated statistical uncertainties observed in data.

Systematics
Source ∆mt (GeV)
JES 0.7
B response (h/e) 0.8
B fragmentation 0.7
Signal modelling 0.3
Bkg. modelling 0.3
Signal fraction +0.5 / −0.2
QCD contamination 0.7
MC calibration 0.4
Trigger 0.1
PDFs 0.3
total +1.7 / −1.6

Dominated by jet energy scale.

mt = 169.5 ± 4.4(stat. + JES)+1.7
−1.6(syst.) GeV, ∆mt(JES) = 3.2 GeV
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Issues with Jet Energy Scale

JES corrections account for offset
(noise, underlying event, . . . ),
out-of-cone showering, and detector
response.

JES is largest single uncertainty.

CDF: New Run II systematics better
than Run I.

DØ: Systematics in presented
analyses > than Run I, but new
analyses using reprocessed data will
benefit from much improved JES.

Often, the relative data/MC JES
agreement is important for top-mass
measurements.

In-situ mW calibration helps to
improve light-jet JES.

Nothing equivalent for b-JES yet.
In the future: b-JES from Z → bb̄?

CDF JES uncertainties
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For more information about Jet Energy Scale, see talk by K. Hatakeyama, Friday 9:55.
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CDF: Decay length method, 318 pb−1

New method: extract mt from
transverse decay length of b-hadrons
from top decays.

Relies on tracking; minimized JES
uncertainties. Uncorrelated to all
other methods.

boost of b-quarks:

γb =
m2

t + m2
b −m2

W

2mtmb
≈ 0.4

mt

mb

experimentally, measure average
transverse decay length 〈Lxy 〉
` with pT > 18 GeV, Emiss

T > 20 GeV,
≥ 3 jets with ET > 15 GeV. At least
one jet SecVtx tagged.

216 positive tags in 178 events.

〈Lxy 〉 = 0.6153± 0.0356 cm.

Decay length distributions

Calibration curve from ensemble testing

mt = 207.8+27.6
−22.3(stat.) ± 6.5(syst.) GeV
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Summary of measurements

CDF

)2Top mass (GeV/c
150 160 170 180 190 200
0

13

Tevatron EPS 2005*  2.4±  1.7
 1.7±172.7 

(CDF+D0 Run I+II)

Run 1 Lepton+Jets  5.3±  5.1
 5.1±176.1 

(Run 1 only)

Run 1 Dilepton  4.9± 10.3
10.3±167.4 

(Run 1 only)

Run 1 All-hadronic  5.7± 10.0
10.0±186.0 

(Run 1 only)

 jj→+W reco
topLepton+Jets: M  2.8±  2.6

 2.7±173.5 
)

-1
(L= 318 pb

Lepton+Jets: DLM  3.2±  2.4
 2.6±173.2 

)
-1

(L= 318 pb

Lepton+Jets: Matrix Element*  3.3±  2.6
 2.6±172.0 

)
-1

(L= 318 pb

Dilepton: All Combined*  3.3±  5.3
 5.3±168.3 

)
-1

(L= 340 pb

)t(tzDilepton: P*  3.8±  7.3
 7.8±170.2 

)
-1

(L= 340 pb

ν of φDilepton: *  3.8±  9.3
 9.2±169.8 

)
-1

(L= 340 pb

 weightingνDilepton: *  4.4±  6.6
 7.1±170.6 

)
-1

(L= 359 pb

Dilepton: Matrix Element*  3.6±  6.3
 6.3±165.3 

)
-1

(L= 340 pb

CDF (*Preliminary)

DØ
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Summary and Outlook

CDF and DØ

)2Top mass (GeV/c
140 150 160 170 180 190
0

5.5

Tevatron EPS 2005*  2.4±  1.7
 1.7±172.7 

(CDF+D0 Run I+II Average)

CDF Lepton+Jets  2.8±  2.6
 2.7±173.5 

)-1(L= 318 pb

D0 Lepton+Jets*  3.6±  3.0
 3.0±169.5 

)-1(L= 320 pb

CDF Dilepton*  3.3±  5.3
 5.3±168.3 

)-1(L= 340 pb

D0 Dilepton*  7.0± 13.0
14.0±155.0 

)-1(L= 230 pb

Best Tevatron Run II (*Preliminary)

Lepton+Jets channels provide the
most precise top-mass measurements.

Important new step is to use in-situ
JES calibration from mW constraint.

Results with smaller statistical error
and increasing use of b-tagging
expected soon.
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BACKUP
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Top mass combination

From hep-ex/0507091
Global correlations

Run-I published Run-II preliminary

CDF DØ CDF DØ

all-j l+j di-l l+j di-l (l+j)i (l+j)e di-l l+j

CDF-I all-j 1.00

CDF-I l+j 0.32 1.00

CDF-I di-l 0.19 0.29 1.00

DØ-I l+j 0.14 0.26 0.15 1.00

DØ-I di-l 0.07 0.11 0.08 0.16 1.00

CDF-II (l+j)i 0.04 0.12 0.06 0.10 0.03 1.00

CDF-II (l+j)e 0.35 0.54 0.29 0.29 0.11 0.45 1.00

CDF-II di-l 0.19 0.28 0.18 0.17 0.10 0.06 0.30 1.00

DØ-II l+j 0.02 0.07 0.03 0.07 0.02 0.07 0.08 0.03 1.00

Table 2: Matrix of global correlation coefficients between the measurements of Mtop.

The χ2 of this average is 6.45 for 7 degrees of freedom, corresponding to a probability of
49%, showing that all measurements are in good agreement with each other which can also be
seen in Figure 1. The pull of each measurement with respect to the average and the weight of
each measurement in the average are reported in Table 3. Note that the weight of the CDF-I
lepton+jets measurement is negative. In general, this situation can occur if the correlation
of two measurements of a physical quantity is larger than the ratio of their errors. In case
the correlation coefficient r becomes equal to the error ratio, the weight of the less precise
measurement becomes zero as it does not improve the combination. While a weight=0 means
that the lower accuracy measurement is ignored, a negative weight implies that this particular
result does contribute to lowering the variance of the final answer. In our combination, the CDF-
I lepton+jets measurements and the externally calibrated CDF-II lepton+jets measurement
turn out to be 54% correlated (see Table 2), while the Run-II measurement has almost half
the error of the Run-I measurement (see Table 1). See Reference [29] for further discussion of
negative weights.

In addition, a combination of the eight measurements in three physical observables, the
top quark mass in the di-lepton channel, Mdi−l

top , the lepton+jets channel, M l+j
top , and the all-

jets channel, Mall−j
top , has been performed. The results of this combination, obtained with

a χ2 of 2.64 for 5 degrees of freedom corresponding to a probability of 76%, are shown in
Table 4. Please note that those results differ from a naive combination, where only the one
measurement in the all-jets channel is considered for Mall−j

top , the five measurements in the

lepton+jets channel are considered for M l+j
top and the three measurements in the dilepton channel

are combined into Mdi−l
top . In our combination the correlations between systematic uncertainties
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Pull and weight
Run-I published Run-II preliminary

CDF DØ CDF DØ

all-j l+j di-l l+j di-l (l+j)i (l+j)e di-l l+j

Pull +1.19 +0.51 −0.48 +1.67 −0.34 +0.18 +0.24 −1.11 −0.86

Weight [%] +1.0 −0.2 +1.1 +18.8 +2.1 +18.6 +17.4 +8.0 +33.3

Table 3: Pull and weight of each measurement in the average. See Reference [29] for a discussion
of negative weights.

of all measurements, also the ones made in different channels, are properly taken into account
in a global fit and can change the central fit values and errors of the result, yielding smaller
errors on the three combined results than three independent combinations.

Parameter Value Correlations

Mall−j
top [GeV/c2] 185.0 ± 10.9 1.00

M l+j
top [GeV/c2] 173.5 ± 3.0 0.22 1.00

Mdi−l
top [GeV/c2] 165.0 ± 5.8 0.15 0.31 1.00

Table 4: Summary of the combination of the eight measurements by CDF and DØ in terms of
three physical quantities, the top quark mass in the di-lepton, lepton+jets and all-jets channel.

5 Summary

A preliminary combination of measurements of the mass of the top quark, Mtop, from the
Tevatron experiments CDF and DØ is presented. The combination includes five published
Run-I measurements and three preliminary Run-II measurements. Taking into account statis-
tical and systematic errors including their correlations, the preliminary Tevatron and thus the
world-average result is: Mtop = 172.7 ± 2.9 GeV/c2. The mass of the top quark is now known
with an accuracy of 1.7%.
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Mtop   [GeV/c2]

Mass of the Top Quark (*Preliminary)
Measurement Mtop   [GeV/c2]

CDF-I   di-l 167.4 ± 11.4

D∅-I     di-l 168.4 ± 12.8

CDF-II  di-l* 165.3 ±  7.3

CDF-I   l+j 176.1 ±  7.3

D∅-I     l+j 180.1 ±  5.3

CDF-II  l+j* 173.5 ±  4.1

D∅-II    l+j* 169.5 ±  4.7

CDF-I   all-j 186.0 ± 11.5

χ2 / dof  =  6.5 / 7

Tevatron Run-I/II* 172.7 ±  2.9
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