PROCEEDINGS

OF SCIENCE

Precision measurement of the top quark mass in
lepton+jets channels

Jochen Cammin*
University of Rochester, NY (USA)
E-mail: canm n@ nal . gov

The measurement of the top-quark mass in lepton+jets channels provides the most precise de-
termination of the top-quark mass from Tevatron Run | data. In the Run Il phase, the CDF and
D@ experiments have already collected more than 1 fo~! of data in the period 2002-2005. The
preliminary analyses presented here use a subset of up to 320 pb—2. With these statistics and an
in-situ calibration of the jet energies, a single analysis now surpasses the precision of the previous
world average.

International Workshop on Top Quark Physics
January 12-15, 2006
Coimbra, Portugal

*Speaker.
TOn behalf of the CDF and D@ collaborations.

(© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



Precision measurement of the top quark mass in lepton+jets channels Jochen Cammin

1. Introduction

The production of top-quarks has been measured at the Tevatron in the pair production process
0G/9g — tt. Since the top quark decays almost exclusively via t — bW, the final state is classified
through the decay mode of the W boson. For tt events, this leads to the dilepton channels tt —
¢vb¢vb, the lepton+jets channels tt — ¢vb jjb, and the fully-hadronic channel tt — jjbjjb. The
dilepton channels have the cleanest signature due to large missing energy from two neutrinos and
two isolated leptons. However, the branching ratio is only 5% (if one considers only electrons and
muons as leptons). The all-hadronic channel has a large branching ratio of about 45%, but suffers
from very large backgrounds. The best compromise between signal statistics and manageable
backgrounds is achieved in the lepton+jets channels which have the signature of one isolated lepton,
missing energy from one neutrino and four jets. The most precise measurements of top-quark
properties are obtained from the lepton+jets channels.

Until recently, measurements of the top-quark mass my in the lepton+jets channels were limited
by the statistical uncertainties. This is not the case for the analyses presented here, that use data
sets of up to 320 pb~2. It is therefore important to understand the systematic uncertainties in great
detail and to minimize their impact on the precision of the top-quark mass. It turns out that in
most cases the dominating source of systematic uncertainties is the jet energy scale. In determining
the jet energy scale, the experiments have so far relied on detector calibration with test-beam data
and reference processes, such as Et balancing in y+jets and dijet events. However, tt events in the
lepton+jets channels provide an excellent tool to determine the jet energy scale in-situ: since the
mass of the W boson is known with high accuracy, the overall energy scale for light jets can be
determined by constraining the invariant mass of the two jets assigned to the hadronic decays of
the W to the W mass. Two of the six analyses presented here make use of the in-situ calibration.
Not surprisingly, these analyses lead to the most precise measurements of the top-quark mass.

As a novelty measurement, one analysis is presented that derives the top-quark mass solely
from tracking information and hence minimizes the impact of jet energy scale uncertainties. The
currently large statistical error of this method will be less problematic when data sets larger than
1 fb~! are available in the near future.

2. Measuring thetop-quark massin the lepton+jets channel

The CDF and D@ collaborations have applied several techniques in order to measure the mass of
the top quark m,. The methods can be divided into two main categories: a) template methods,
where a quantity strongly correlated to the top-quark mass is calculated for each event and then
templates of the distribution for several top-quark mass hypotheses are fitted to the distribution
of all data events to obtain the most likely top-quark mass, and b) matrix element and dynamic
likelihood methods, where for each event a probability is calculated to originate from a tt events
with a hypothetical top-quark mass value. The probabilities of all events are combined into a final
likelihood, which is then maximized as a function of m.

The steps common to all analyses are briefly described below, followed by a more detailed
description of three CDF and three D@ measurements. First of all, events are selected that are
signal-like, i.e., they contain an isolated lepton, at least four jets and substantial missing transverse
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energy. After this step, the only major backgrounds in the data sample are W+jets and QCD events.
Additional cuts or b-tagging are used to reduce these backgrounds. In the third step, the final state
is reconstructed, assigning the isolated lepton and each of the jets to one of the two top quarks.
Finally, the last step is then to extract the top-quark mass, e.g., from the invariant masses mjjp, Myyp
or combined likelihood curves as a function of my.

2.1 CDF Template method

Events are selected if they have an electron or muon with Et(pr) > 20 GeV, missing transverse
energy > 20 GeV, and at least four jets with Et requirements detailed below. The 165 lepton+jets
candidates obtained after this preselection are further divided into four subsamples with different
requirements on the number of b-tagged jets and minimum pt values of the jets according to
Table 1. In this way, it is possible to account for different sensitivities and backgrounds in each
subsample and therefore to enhance the statistical power of the overall analysis.

Table 1: Jet Et and pr cuts for the four subsamples.

Category 2-tag 1-tag(T) 1-tag(L) 0-tag
JetEr j1-j3 Er>15 Er>15 Er>15 Er>21
cuts (GeV) j4 Er >8 Er>15 15>Er>8 Er>21
b-tagging 2 tags 1tag 1tag 0 tag
No. events: 25 63 33 44

No. events with 16 57 25 40

X2 <9

For each event, a kinematic x? fit is performed for each possible combination of assigning
the four jets with the original partons and the two solutions for the neutrino p, component. Note
that the p, component cannot be measured in the detector, but instead it can be calculated from the
constraint my, = my. The kinematic x? to minimize is defined by:

2
N S\ 2 AUE _ UE
X2 _ (pIT_ pIT) + Z (pJ pJ )
i :gj ets O-iz i=xy 012
2
(myj —mw)® (M —mw)® | (M =) (myyy —m{*®)?
+ 2 + 2 + ? + ? ,
M M K It

where the first sum runs over the lepton and the four leading jets and the second sum runs over
the unclustered energy. The mass of t and t must have the same value, and the two W masses are
constrained to the PDF value of my,. The latter constraint allows for an in-situ calibration of the
jet energies: In the final template fit, both m; and the overall jet energy scale (JES) factor are free
parameters. In the untagged subsample, there are 12 possible jet-parton combinations, 6 in the
1-tag subsamples and 2 in the 2-tag subsample. In either case, there are 2 choices for the neutrino
four-vector. Only the combination with the smallest x? is considered, and only if x2 < 9.

The distribution of the reconstructed masses mjp, Myyp, and my; in the selected signal Monte
Carlo events are fitted with analytical functions to obtain smooth template distributions, Figure 1.

Mass templates for the W+jets background are obtained in a similar way to the signal tem-
plates.
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Figure 1. Signal m; templates for various top- Figure 2: Reconstructed top-quark mass distribu-
quark masses. tion in data for the four subsamples.

The best value of top-quark mass and the energy scale is finally extracted by comparing the
signal and background templates to the reconstructed distributions in data using an unbinned likeli-
hood fit. The likelihood definition contains terms for the true top-quark pole mass, jet energy scale,
and the expected number of signal and background events. For each subsample it is given by:

a%ample = gm{

m;j
shape X g X gnev X gbg

shape

The detailed description of these terms can be found in [4].
The total likelihood is given by the product of the likelihoods for all four subsamples and a
term for the overall JES constraint:

Lotal (M, JES) = Lo.tag X L tag(T) X Lirtag(L) X ZLo-tag X -ZIES-

The likelihood has a total of ten free parameters (number of signal and background events in
four subsamples, JES, and ). Fits to reconstructed masses in data are shown in Figure 2.

The fit yields a top-quark mass of m; = 173.5f§:g(stat. +JES). The statistical uncertainty
from the jet energy scale only is £3 GeV. The total systematic uncertainties add to 1.3 GeV where
the largest contribution comes from the b-jet energy scale and final state radiation.

2.2 CDF Dynamic Likelihood method

The “Dynamic Likelihood Method” calculates a per-event likelihood for the event to be a tt — ¢ +
jets event. The likelihood is based on a matrix element calculation of the differential tt cross section
and on transfer functions that describe the jet energy resolution in the transition from partons to

jets:

ﬂ Il\/I F(z1,22) f(pr)w(X yt; mp)dx, (2.1)
]etcombv ux
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Figure 3. Extracted top-quark mass as a func- Figure 4: Mass distribution for the combination
tion of the generated mass for various background with maximal likelihood.

fractions between 0% and 50%.

where M is the leading-order matrix element for the tt process, F(z1,2) are parton distribution
functions, f(pr) describes the pr distribution of the tt system, and w(x, y; my) are the transfer func-
tions (detector resolution). As in the case of the template method, one has to sum over all possible
jet-parton combinations and the two solutions for the neutrino momentum. A final likelihood is
obtained by the product of all event likelihoods: L = [events L'

The analysis is based on 318 pb—tand requires exactly four jets with Er > 15 GeV. The
restriction to four jets is made to minimize the contamination from initial and final state radiation
jets, since only a leading-order matrix element calculation is utilized.

The likelihood definition in Equation (2.1) does not contain a term for the background proba-
bility, instead the background is reduced by requiring at least one of the four jets to be b-tagged by
a secondary-vertex algorithm. This requirement also reduces the possible jet-parton combinations.

A calibration curve, relating the extracted top mass after minimizing — log(L) to the input top
mass, is obtained from a set of Monte Carlo pseudo-experiments (Figure 3). The non-unit slope
is caused by the dependence of the transfer functions on the top-quark mass and by the presence
of background. The background consists mainly of W plus heavy flavor jets and QCD (non-W)
events and is estimated to be 9.2 4+ 1.8 events. The total likelihood is finally computed in data from
63 candidate events and yields a top-quark mass of m; = 173.272%(stat.) +3.2(syst.) GeV. The
systematic uncertainties are dominated by jet energy scale corrections (Am; = 3.0 GeV).

As a cross check for the data/MC agreement, the reconstructed mass for the combination
with the largest likelihood in each event is depicted in Figure 4 for a generated signal mass of
m = 175 GeV.

2.3 CDF Decay Length Method

A new method that minimizes the impact of uncertainties from the jet energy scale is the “decay
length technique”. It relies on tracking rather than calorimetry to measure the top-quark mass.
Since at the Tevatron top-quark pairs are produced almost at rest, the boost of b-quarks in the top

decays can be written as
= —mszmginﬁv m0.4ﬁ

v 2mmy, my
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Figure 5: Calibration curve for the top-quarks
mass as a function of the average decay length
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Figure 6: Ly distribution in data and signal and
background simulation. The Monte Carlo distri-
butions are normalized to the observed data.

The boost, in turn, is directly correlated with the decay length of b-hadrons, and a measurement of
the average decay length (Lxy) thus gives access to m.

The analysis is based on 318 pb—of data and requires an electron (muon) with E1 > 20 GeV
(pr > 20 GeV), missing transverse energy > 20 GeV and at least three jets with Er > 15 GeV.
Additionally, at least one of the jets being b-tagged with an algorithm that looks for secondary
vertices. A calibration curve of the top-quark mass as a function of the mean decay length is
obtained from Monte Carlo simulations of the signal and the expected background (Figure 5).
Finally, the event selection is applied to data, and (Lyy) is measured in 216 tt candidate events. The
data distribution is compared to the signal and background prediction in Figure 6.

The extracted top-quark mass is m; = 207.875/-5(stat.) +6.5(syst.) GeV. The largest contri-
butions to the total systematic uncertainty stems from the background shape and normalization,
which accounts for a 3.3 GeV uncertainty, and the limited Monte Carlo statistics used to derive the
man Ly data/MC ration, which accounts for a 5.1 GeV uncertainty.

2.4 D@ Template method

The D@ template method is based on the same concept as the corresponding CDF analysis: the
mass distribution obtained from a kinematic fit on collider data is compared to mass templates
from simulated events with known top-quark masses, though the details of the event selection and
the fitting procedure are different.

Events are selected if they have at least one isolated electron (muon) with pt > 20 GeV,
missing transverse energy greater than 20 GeV, and at least four jets with pr > 15 GeV, out of
which the three leading jets must satisfy pt > 20 GeV. A kinematic fit is performed for each
possible jet-parton combination, and only the one with lowest x? is considered (where the x? must
be less than 10).

After the preselection, the main background is comprised of W+jets events. To enhance the tt
signal fraction, further discrimination between signal and background is achieved by constructing
a discriminant that has little sensitivity to the actual value of the top-quark mass. The low-bias
discriminant D_g is a combination of four topological variables and is shown in Figure 7. Events
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pass the selection if D g > 0.4. 94 candidates remain in the data with an estimated signal-to-
background ratio of 1:1. To extract the top-quark mass, Monte Carlo template mass distributions
for various values of m; are compared to the data using a binned likelihood fit. The performance
of this method is studied in ensembles of simulated events (Figure 8). Within uncertainties, the
calibration curve has a slope of one and an offset that is consistent with zero.

Figure 9 shows the fit mass distribution in data and in signal and background Monte Carlo.
The signal and background distributions are shown in the fraction obtained from the fit. The
preferred top-quark mass, extracted from the minimization of the likelihood, is m; = 169.9 =
5.8(stat.) ™18 (syst.) GeV.

The template method was also performed using b-tagging to reduce the background and jet-
parton combinations. At least one jet is required to be tagged by a secondary-vertex algorithm,
while no cut on the low-bias discriminant is applied. The selection yields 69 tt candidates in data
with an enhanced signal-to-background ratio of 3:1. The reconstructed fit mass for the b-tagged
samples, which is shown in Figure 10, reveals a much more pronounced signal peak. The extracted
top-quark mass is my = 170.6 £ 4.2(stat.) +-6.0(syst.) GeV.

In both the topological and the b-tagged approach, the main systematic uncertainty arises from
the jet energy scale (Am; ~ 6 GeV).



Precision measurement of the top quark mass in lepton+jets channels Jochen Cammin

DO Run Il Preliminary

DO Run Il Preliminary
14 T T

DO Run Il Preliminary
18 [ ™7 T

U

12 electron + jets 12 & muon +jets | 12 lepton + jets |

10 - b

-2 log( likelihood )
-2 log( likelihood )
-2 log( likelihood )

.
120 140 160 180 200 220
top mass (GeV)
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(middle) and the combined /+jets channel (right) in the ideogram method.

2.5 DG Ideogram Method

The ideogram method is based on the same kinematic fit and makes use of the same low-bias dis-
criminant as the template method. However, the Ideogram method includes all possible parton-jet
combinations and neutrino solutions in the constrained kinematic fit to calculate an event likeli-
hood, and there is no cut on the low-bias discriminant D g. Instead, D, g is used to derive the
probability for an event to be background. The likelihood for the selected data sample is defined

by
I—(mt, I:“'sample) = zWi (Pevt : S(mi,Un mt) + (1 - I:)evt) : BG(m)) ’

Wi = exp(—x7/2),
S(m.oi,m) = [ dmG(n,m, 01)- BW(r.m, Fcp).

The sum in the first line runs over all 24 possible combinations, and each combination is assigned
a weight w; according to the goodness of the kinematic fit. The signal likelihood shape Sis the
convolution of a Breit-Wigner shape with Gaussian resolution functions describing the detector
resolution, and BG is the background shape as expected from W+jets and QCD Monte Carlo sim-
ulations. The event purity Py is a parameterized function of the discriminant D\ g.

After deriving a calibration curve from Monte Carlo ensemble tests, the method was applied to
191 candidate events selected in 160 pb—of data. The likelihood curves are displayed in Figure 11.
After corrections, the fitted top-quark mass is my = 177.5+5.8(stat.) = 7.1(syst.) GeV. The two
largest contributions to the systematic uncertainties come from the jet energy scale (4.8 GeV) and
from signal modeling (3.8 GeV).

2.6 DQ Matrix Element Method

The matrix element (ME) method was developed within the D@ collaboration and yields the most
precise single measurement of the top-quark mass from Run | data [2]. The same technique has also
been applied to 320 pb~1of Run Il data. This method makes maximal use of the event information
by calculating a probability for an event to be signal or background from the matrix element for the
tt signal process and the dominant background production (W-+ijets events). It is therefore similar
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in concept to the DLM method employed by CDF, but additionally takes into account a background
term for the event probability. However, there is no b-tagging requirement.

In order to be less dependent on external jet energy scale corrections, the ME method fits both
the top-quark mass and an overall JES factor. The expression for the signal probability is similar
to Equation (2.1), and the event probability is given by

where fiop is the fraction of tt signal events in the selected data set, and Psgn and Ryg are the
signal and background probabilities based on leading order matrix element calculations for the
tt and W+jets processes. The sensitivity to the jet energy scale enters through the jets from the
hadronically decaying W boson, whose invariant mass is constrained to my in the tt matrix element.
The total sample likelihood is defined by

n
—InL(xq,...,%;m,JES) = — len(Pevt(xi;mt,JE )) s (2.3)
i=

and is minimized as a function of my, JES, and figp.

The method is calibrated using ensembles of simulated tt signal and W-+jets background sam-
ples that correspond in size to the number of selected candidates in data (150 events). The cal-
ibration curve (Figure 12) has a small offset of 1.44 GeV and a slope that is compatible with
unity. After applying this method to the data, the minimum in the —logL curve is found to be
m = 169.5+ 4.4(stat. + JES) "1 (syst.) GeV. The relative JES scale factor is 1.034 4 0.034, in-
dicating that the light flavor jets are well calibrated. The fitted top fraction is 31.62‘;2% which is
consistent with the expectation from an independent measurement [3]. Once again, uncertainties
from the jet energy scale contribute the most to the total systematic uncertainties on my, along with
b fragmentation and QCD contamination.
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Table 2: Summary of top-quark measurements.

Method Jzdt m Amy (stat.)  Amy (syst.)
(b~  (GeV) (GeV) (GeV)
CDF Template 318 1735 '3 13
CDF DLM 318 1732 128 3.2
CDF Decay length 318 2078 53 6.5
D@ Template (topo) 230 169.9 78 5.8
D@ Template (b-tag) 230 1706 4.2 6.0
D@ Matrix Element 320 1695 4.4 e
D@ ldeogram 160 1775 58 7.1

3. Summary

A variety of analysis techniques have been applied to a large set of Tevatron Run Il pp collision data
in order to measure the mass of the top quark in lepton+jets final states with high precision. The
results are summarized in Table 2. The measurements are no longer limited by the statistical uncer-
tainty. Uncertainties from the jet energy scale dominate the systematic uncertainties in most cases,
and some analyses have applied in in-situ calibration of the jet energies using the W mass constraint
of the two lights jets in the hadronic W decays. This approach improves the understanding of the
energy scale for light jets.

Combining the results from both experiments in the dilepton, lepton+jets and all-jets channel,
the new preliminary world average is [5]

mperldaverage _ 175 7 42,9 GeV.

Both the CDF and the D@ experiments plan to soon present new measurements based on an
even larger dataset and with less systematic uncertainties. This will allow for additional precision
tests of the Standard Model and will increase the sensitivity to new physics.
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