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Bennertunu [Ix. u ap. (ot kossnadopauun CDF) E1-2008-173
MsMepeHHe Macchl TON-KBapka Ha ctaTHcTHKe 2,9 p6~!
B COOBITHSX «/JIENTOH-TPeK» C MOMOIIBI0 METOA B3BELIMBAHMUS
0 a3UMYTaJIbHBIM yTJIaM HEHTPHUHO

MsmepeHa macca TOM-KBapka B BBEIOOPKe t{-COGBITHH, MOJYYEHHBIX KOJIJIA-
Gopauneid CDF mpu pp-cTosiKHOBeHHsix Ha TaBatpoHe (v/s = 1,96 T3B). Has
M3MepPEeHHUs] UCIOJb30BAIUCh COOBITHS, B KOTOPbIX PErHCTPHPOBAJCS MIOOH (HJH
3JIEKTPOH) M H30JIMPOBaHHBIH TpeK. Ha ocHOBe HaHHBIX, COOTBETCTBYIOLIMX HH-
TerpasibHOii cBeTHMOCTH 2,9 (6!, Gbl1a mosyyeHa BhIGOPKA M3 328 COOLITHI,
YIOBJETBOPSIOIIMX KpUTepusam oTbopa. IIpoBogumnack peKOHCTPYKLUHS COOBITHH
MyTeM MHHMMM3aUHH X2-(QYHKLHMH, ONMHMCBIBAIOLIeH NUJIENTOHHBIE KaHal pacra-
na tt-cobertuii. IIpo6semMa HEIOCTATOUHOrO YMCJIa KUHEMATHUECKUX CBA3EH st
PEKOHCTPYKLMHU pellajach MyTeM CKaHUPOBAaHUSA NPOCTPAHCTBA BO3MOXKHBIX a3u-
MyTaJbHBIX YIJOB 000MX HeHTpHHO. Ha oCHOBe pe3ysbTaTOB CKAHUPOBAHUS MJIsS
KaKI0ro COOBITHSI CTPOHJIACh OLEHOYHAs Macca. 3HaueHHe H3MepeHHOH MacCHl
TOM-KBapKa COOTBETCTBYeT MaKCHUMyMy (DYHKIMH TPaBIONONOOUS, OMUCHIBAIOIIEH
BEpPOSITHOCTb HaOJIIOEHHS 9KCIIepHUMeHTa/IbHON BEIOOPKH Ha OCHOBE CYNEPIIO3ULIHH
CUTHAJMBHBIX U (POHOBBIX (DYHKLMH IJIOTHOCTH BEPOSTHOCTH OLIEHOUHOHM MaccChl.
[Tpu oxupaemoM umncje (GpoHOBbIX coObiTHi 145,0 + 17,3 3HaueHHe H3MepeHHO#H
Macchl TON-KBapkKa cocTaBuio m; = 165,5 + g:g (crat.) & 3,1 (cuer.) TaB/c2.

Pa6ora BeimosHeHa B JlaGopatopuu spepHbix npo6JeM um. B.II. [[xxesenosa

OUSH.
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Top Quark Mass Measurement in the 2.9 tb~! Tight Lepton
and Isolated Track Sample Using Neutrino ¢ Weighting Method

We report on a measurement of the top quark mass with ¢f dilepton events
produced in pp collisions at the Fermilab Tevatron (y/s=1.96 TeV) and collected
by the CDF II detector. Events with a charged muon or electron and an isolated
track are searched for ¢t candidates. A sample of 328 events, corresponding to
an integrated luminosity of 2.9 fb~!, is obtained after all selection cuts. The top
quark mass is reconstructed by minimizing a x? function in the assumption of
the ¢t dilepton hypothesis. The unconstrained kinematics of dilepton events is
taken into account by the scan over the space of possibilities for the azimuthal
angles of neutrinos, and a preferred mass is built for each event. In order to
extract the top quark mass, a likelihood fit of the preferred mass distribution in
data to a weighted sum of signal and background probability density functions
is performed. Using the background constrained fit with 145.0+17.3 events
expected from background we measure m; = 165.5 £ 34 (stat.) GeV/c?. The
estimate of systematic error is 3.1 GeV/c?.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2008




INTRODUCTION

One of the main physics goals of CDF [1] in Run II is the study of
top quark properties. First observed by the CDF and D@ collaborations in
1995 [2], the top quark is very massive, more than 35 times heavier than
b-quark. The top quark mass is one of the fundamental parameters of the
Standard Model (SM). Within the SM its precise measurement together
with W mass gives a constraint on the Higgs boson mass.

In the CDF Run II we study proton-antiproton collisions at a center-of-
mass energy 1.96 TeV. Top quarks are mostly produced in pairs (¢f)
from quark-antiquark annihilations (~85%) or from gluon-gluon fusion.
According to the SM, both top quarks decay almost exclusively as
t — Wh. The channels of ¢(%)-decay are classified according to the decay
modes of the W boson. The dilepton channel, when both W decay
to leptons (e, ), gets only 5% of decays, but has the best signal-to-
background ratio. Near 30% of decays goes to the lepton + jets channel,
with one W producing an electron or a muon, and the other decaying into
a quark pair and producing jets. The all-hadronic decay channel collects
46% of events, but has a large QCD background.

In this note we report on a measurement of the top quark mass in the
dilepton channel using the lepton + track event selection to collect more
events due to the relaxed cuts for one of the leptons.

1. DATA SAMPLE & EVENT SELECTION

In our analysis we used data collected between March 2002 and
April 2008, corresponding to a total integrated luminosity of about
2.9 fb~!. The data are collected with an inclusive lepton trigger that
requires an electron with Er > 18 GeV or a muon with P > 18 GeV/c.
After full event recontruction we select events with a tight electron
E, > 20 GeV or muon with P, > 20 GeV/¢, an isolated track
Pr > 20 GeV/e («track lepton» or «tl»), two or more jets E; > 20 GeV,
and significant missing transverse energy K, > 25 GeV.

Tight electron candidates have a well-measured track pointing at
an energy deposition in the calorimeter. In addition, the candidate’s
electromagnetic shower profile must be consistent with that expected for
electrons. Tight muon candidates must have a well-measured track linked
to hits in the muon chambers and a consistent energy deposition in the
calorimeters with that expected for muons. Tight lepton has to be isolated
that means that the total transverse energy within the cone of radius
AR = /(An)? + (A¢)? = 0.4, minus the candidate lepton E;, is less
than 10% of the candidate lepton E.

To count as the second lepton (track lepton) for our analysis a
well-measured track must have P, > 20 GeV/c, and pass a track isolation
requirement. The track isolation is defined as the ratio of the transverse
momentum of the candidate track to the sum of the transverse momenta of



all tracks in a cone of radius AR = 0.4 around it, including the candidate
track itsell. The track isolation value should be more than 0.9.

We require two (or more) jets with corrected E, > 20 GeV and
In| < 2.0. The tight lepton and the track lepton have to be oppositely
charged. Events with cosmic ray or conversion are eliminated.

Also, several topological vetoes are implemented in order to reduce the
impact of backgrounds in the sample:

e Background contributions from Z boson decays yielding over-
estimated %, are removed by raising the . requirement to 40 GeV
for Z boson candidate. A Z boson candidate is identified when the
invariant mass of the lepton pair is inside the Z mass window
([76, 106] GeV/c?).

—
e Large azimuthal separations between K, and jets (A¢ > 25°),
lepton (A¢ > 5°), and track lepton (A¢ > 5°, A¢ < 175°) are
rg)luired. The requirement of a minimum angle between jets and

E. is dropped if E; > 50 GeV, since such large values of
missing transverse energy are not expected to arise from jet mis-
measurements.
After these selection cuts 328 events are left, which are reconstructed
according to the ¢ hypothesis. The same cuts are applied to the Monte
Carlo generated signal and background events.

2. TOP MASS RECONSTRUCTION

2.1. Briet Description of the Method. The estimated top mass
value for each event is returned from a kinematic event reconstruction
procedure [3]. In brief, event reconstruction is the result of minimization
of the chi-squared function (x?) by the MINUIT routines. This chi-squared
function has resolution terms related to the measured physical variables
and constrained terms to take into account the kinematic equations. The
formula for x* we use is

2 _ 2 2
X = Xreso + Xconstr
2

pl 2 —~ i T2
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The variables with a tilde sign refer to the output of the minimization
procedure, whereas Pr and UFE (unclustered energy) represent measured

values corrected for known detector and physics effects. M; is the fit
parameter giving the reconstructed top mass. & is the transfer functions
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between b-quark and jets: they express the probability of measuring
a jet transverse momentum PJ from a given b-quark with transverse
~ 2. m?
j . . =
momentum Pj. Ppw(Minv;m,I") = m-2nv R

relativistic Breit—Wigner distribution ]function, which expresses the
probability that an unstable particle of mass m and decay width I" decay
into a system of particles with invariant mass m;,,. We insert the function
s, (My) according to the standard model [4].

The first sum of y2,, runs over the primary lepton (tight lepton)
and the track lepton. The second sum is over the two leading jets. The
third sum runs over the transverse components of the unclustered energy
(UE*, UEY), which is defined as the sum of the energy vectors from
the towers not already associated with leptons or any leading jets. It also
includes possible additional jets. For these jets the transverse energy is
corrected for nonuniformities in the calorimeter response as a function
of |n|, multiple pp interactions, and the hadronic jet energy scale of the
calorimeter. The other term in formula (1), X2, refers to the invariant
masses of the couples lepton-neutrino and of the lepton-neutrino-leading
jet system.

For the dilepton case due to the existence of two neutrinos we have
a nonconstrained kinematics. The number of independent variables is
one more than the number of kinematic constraints (—1C' kinematics).
Obviously, it is impossible to pick up directly only one solution per event.
We must assume some of the event parameters (R) as known in order to
constrain the kinematics and then vary R to determine a set of solutions.
In addition, we attach a y?-dependent weight to each solution.

The minimal requirement in the case of —1C kinematics to perform a
minimization is to use a two-dimensional vector as R. For our analysis
we choose the azimuthal angles of the neutrino momenta R = (¢,,, ¢,)
and we create a net of solutions in the (¢,,, ¢,,) plane. We need to cover
full (0 < ¢y, < 27,0 < ¢y, < 2m) plane by the net. Actually, taking into
account the symmetry of the solutions for ¢;W2 = ¢y, 1, + 7 it is enough
to find the solutions in quadrant (0 < ¢,, < 7,0 < ¢, < ) and expand
them over the whole (0 < ¢, < 27,0 < ¢, < 2m) plane. As a result of
Monte Carlo optimization [3], we choose to split the quadrant of (0 <
< ¢y, <m,0< ¢, <m) into 12 x 12 points.

For every point of the (¢.,1,¢.2) plane we have 8 solutions. Double
ambiguity corresponds to the two ways of associating the two charged
leptons to the two leading jets (which are supposed to be b-jets). The four
solutions are generated from the possibility for every neutrino to have two
p. momenta satisfying the ¢ kinematics.

Therefore, for each event, we perform 1152 minimizations, each of
which returns a value of Mir]‘?,jo and ijk (i,7=1,...,12;k=1,...,8). We

define ng = X%jk +4-1In(T"y,), which is obtained by using Eq. (1), where

indicates the
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I-m?
m2  —m?)2 + m2r?’
solution for each point of the ?qﬁyl,qﬁw) grid, thereby reducing the number
of obtained masses to 144. Each mass is next weighted according to

Ppw is substituted with

and select the lowest x’

2
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Wy = @
> z I
i=1j=

A mass distribution is built and the most probable value (MPV) is
identified. Masses below a threshold of 30% of the MPV bin content are
discarded, and the remaining ones are averaged to compute the preferred
top quark mass (M;°°°) for the event.

The final extraction of the top quark mass from a sample of lep-
ton + track candidates is provided by the likelihood fit. The expected signal
and background distributions (templates) are obtained using Monte Carlo
samples with full detector simulation.

2.2. Monte Carlo Signal Templates. The official MC samples are
used. The signal templates for input top masses in the 155-195 GeV/c?
range are created with 2 GeV/c? steps. Then the obtained set of templates
is parametrized by one Landau and two Gaussian functions:

Mfeco —p,

reco 6 5 77“ € P
fs(Mt ‘Mtop) — p7p —0. ( + 2 )+

V2n pz
1 e 1 MECo_y
4 P = pe) —osiery (1 - pr) oM 3)
\ 27 ps V27 p3
Notice that this parametrizing function is strongly dependent on the input
top mass Mip, or it is better to say that its parameters py,...,ps, are
Miop-dependent:
Pr = o + Of+8 Mtop- (4)

The examples of our templates are presented in Fig. 1.

2.3. Background Template. The main expected background
processes in the dilepton sample are W+jets with a jet misidentified
as a lepton («fakes»), Drell-Yan (Z/y* — ete ,utpu~,7777), and
diboson (WW, WZ, ZZ) with additional jets. To take into account the
contribution from background events we create background templates for
each of the above-mentioned sources. In order to build general template
for Drell-Yan events, the templates for each subprocess are combined
using their cross sections and acceptances. Template for fake events is
obtained by weighting the fakeable events from W+jets data sample
according to the fake rate probability matrix.

The obtained templates (Fig. 2) for these processes are combined
together according to the expected number of events, as derived by the t£
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Monte-Carlo
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Fig. 1. The examples of the signal templates

cross-section group. The result for the combined background template is
shown in Fig. 2,d.

The combined background template is fitted with a sum of two Landau
and one Gaussian distribution functions, as:

fo(aee) = Lo o0aM
V21 Bo
e reco _ A{K'SCO_,@
¢ ) cosciiztg | (1) oot T )
V2 B V.2m s

where the fitted parameters ) --- 33 are M;-independent.

2.4. Likelihood. The likelihood function expresses the probability
that a Mje® distribution from data is described by a mixture of
background events and dilepton ¢f events with an assumed top quark mass.
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CDF Run II Preliminary
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Fig. 2. Templates of background processes for Drell-Yan (a), diboson (b),
«fake» (c) events. Plot d shows the combined background

Inputs for the likelihood are the reconstructed masses for N events in
data sample (my,,n =1,---,N), the parametrized signal and background
p.d.f’s (Eq. (3) and Eq. (5)) and the expected background number. The
likelihood has the following form:

Z = og/ﬂshape ' gbackgr ' gparam’ (6)

where

o o~ (nstm) (ns +nb)N ' ﬁ s - fs(Mn|Miop) + 1 - fo(min)
shape N! ng +nyp

(7

n=1

Parameters n, and n; are the expected signal and background numbers
in the lepton + track data sample. Also, the additional terms are

6



added to constrain number of the background events and to constrain
oy, B, parameters, obtained for the signal and background template
parametrization:

_ _ ,8XP)2
gbackgr = eXp(mléUig:b))v (8)
Zaram = exp{—0.5[(c — o) U™ (@ — o) + (B — Bo) V(B — Bo)]}-

9)

Here U and V are the covariance matrices for the obtained parameters of
the signal and background p.d.f.’s, respectively. A top quark mass (m;)
and its positive and negative statistical errors (o* and o™) are returned
by the fit.

3. RESULTS FROM PSEUDO-EXPERIMENTS

We check whether the fit with likelihood form (6) is able to return the
correct mass by performing the «sanity check» pseudo-experiments (PE)
for different input top mass values. The numbers of signal and background
events in PE’s are Poisson distributed with mean values as their expected
numbers.

For each input top quark mass the median of the m; distribution
is chosen as the top quark mass estimate (MQy). Mgy versus input
mass (M{5 ) and the bias, defined as Mgut — M are shown in Fig. 3.
The error bars are determined by the limited statistics of the signal and
background templates. Both fits in Fig. 3 are performed in the mass range
159-191 GeV/c?: the slope of the straight line in plot a is consistent
with one, while the average bias (horizontal line in plot b) is —0.13 +
+0.10 GeV/c?. Although this value can be considered compatible with
zero within uncertainties, we apply a shift of +0.13 GeV/c? to the result
on data.

In order to check the bias on the statistical error, we use pulls. Pulls

are defined as follows: q
Mt — M,

!

(10)
o

ot,  ilmy < M,
o=, if my > M,
pull distributions are fitted by using Gaussian functions. The mean and
width of the pull distributions versus generated top quark mass are
shown in Fig. 4. Error bars account for the limited statistics of signal
and background templates. The average width of pull distributions is
1.009 £ 0.005. A width larger than one indicates an underestimate of the
statistical error. Accordingly, the statistical error obtained from data is
rescaled by 1.009.

where ¢’ = . For each generated top quark mass,



CDF Run II Preliminary (2.9 fb=1)
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Fig. 3. The extracted top mass as a function of input mass (a). The result of a
linear fit is also shown. Plot b shows the residuals (reconstructed — input top
mass)

4. SYSTEMATIC UNCERTAINTIES

We consider the following sources of systematic uncertainties on
the fitted mass value: a) jet energy scale, b) discrepancy between data
and simulation luminosity profile (pile-up), ¢) amount of initial and
final state radiation, d) shape of the background template, e) parton
distribution functions, f) approximations made by Monte Carlo generators,
and g) b-jet energy scale and lepton energy scale. The magnitudes of these
uncertainties are estimated using large Monte Carlo samples generated
only for the systematics study.

The procedure for estimating the systematic uncertainty is similar for
all sources. For each source we vary the input value as appropriate (by
lo, or changing PDF, etc.) and evaluate the impact on the returned top
mass. This is done by simulating a large number (usually 10000 or more)
of pseudo-experiments (PE) with the nominal assumption and with the
alternate assumption. The reconstructed mass distribution from each PE
is fitted with the same likelihood procedure as for the data. The obtained
mass value enters an ensemble of results of simulated experiments. The
systematic uncertainty assigned to our measurement is the difference
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CDF Run II Preliminary (2.9 fb=1)
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Fig. 4. Mean (a) and o (b) of pull distributions determined from the pseudo-
experiments as a function of input top mass

in the average of these result distributions for the nominal and shifted
ensembles or half the difference between results obtained with +o and
—o of the corresponding parameter change.

The largest contribution comes from the uncertainty in the jet
energy measurement, which includes jet energy corrections for different
calorimeter response (as a function of 7), the absolute hadron energy
scale, and jet fragmentation. Discrepancy in the data and MC luminosity
profile is estimated by rescaling the top mass dependence on the number
of interactions in the event by the difference in the number of interactions
between data and MC. The initial and final state radiation (IFSR)
uncertainties are estimated using the Pythia [5] Monte Carlo samples,
in which QCD parameters for parton shower evolution in the initial and
final states are varied simultaneously. The amount of variation is based on
the CDF studies of Drell-Yan data. For the parton distribution functions
(PDF) we consider two different groups of PDF (CTEQ and MRST),
two sets of MRST for different Aqcp values, and 20 pairs of CTEQ6M
uncertainty sets. The effect of using different top Monte Carlo generators
is checked by comparing the nominal Pythia [5] with alternate Herwig [6]
samples.



In order to estimate the effect on top mass from the uncertainty
in background composition, we vary the contribution in combined
background template of main sources (diboson, Drell-Yan and «fakes»)
by +o. Contribution from another subsamples is corrected to maintain
the total expected number of background events. We also study the effect
from changing the shape of the main background contributors: Drell-Yan
and «fakes».

Also, the additional uncertainty for the b-jet scale due to the
heavy quark fragmentation, semileptonic b-jet branching ratio, and b-jet
calorimeter response is taken into account. The effect on the top mass
from the uncertainty on lepton energy scale is studied by applying +1%
shifts for lepton P.

The systematic uncertainties are summarized in the table. The total
systematic uncertainty is estimated to be 3.1 GeV/c?.

Summary of systematic uncertainties

CDF Run II Preliminary

Source Uncertainty, GeV/c?
Jet energy scale 2.9
b-jet energy scale 0.4
Luminosity profile (pile-up) 0.2
Initial and final state radiations 0.3
Parton distribution functions 0.3
Monte Carlo generators 0.2
Background composition 0.5
Fakes shape 0.4
DY shape 0.3
Lepton energy scale 0.3
Total 3.1

5. RESULTS

The two-component background-constrained fit with n;* = 145.0 +
+ 17.3 expected background events for the obtained 328 lepton + track
candidates returns m; = 165.35 & 333 GeV/c?, with 181.4 £ 219 signal
events and 146.1 + |2 background events.

Figure 5,a shows the fitted mass distribution. The insert shows the
mass dependence of the negative log-likelihood function. Plot b is the
expected statistical errors from Monte Carlo sample, where the arrows
indicate the errors returned by the fit to the data. The probability to have
better accuracy than ours from data is 82%.

After the correction of the mean value increased on 0.13 GeV/c?
and statistical errors multiplying by factor of 1.009 (see Sec. 3) our
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CDF Run II Preliminary (2.9 fb~1)
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Fig. 5. a) Two-component background-constrained fit to the lepton + track sample.

Area I corresponds to the background returned by the fit and area 2 is the sum

of background and signal events. The insert shows the mass-dependent negative

log-likelihood used in the fit; b) left/right error distributions returned by the PE’s.
The arrows indicate the errors returned by the fit to the data
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preliminary result on the CDF data sample with the integrated luminosity
of 2.9 b1 is

m; = 165.5 + 34 (stat.) £ 3.1 (syst.) GeV/c?.

We also performed a fit when the number of the background events is
unconstrained. This fit returns m; = 165.33 £ 539 GeV/c?, with 178.6 +

+ 399 signal events and 149.4 & 3-8 background events.

CONCLUSION

A sample of 328 events, corresponding to an integrated luminosity of
2.9 tb~!, is obtained from the CDF data sample after selection cuts. Using
these events, our preliminary measurement of the top quark mass in the
lepton+track sample is

my = 165.5 4+ 34 (stat.) = 3.1 (syst.) GeV /¢

Acknowlegements. We thank the Fermilab staff and the technical
staff of the participating institutions for their vital contributions. This
work was supported by the U.S. Department of Energy and National
Science Foundation; the Italian Istituto Nazionale di Fisica Nucleare;
the Ministry of Education, Culture, Sports, Science and Technology
of Japan; the Natural Sciences and Engineering Research Council of
Canada; the National Science Council of the Republic of China; the
Swiss National Science Foundation; the A.P. Sloan Foundation; the
Bundesministerium fiir Bildung und Forschung, Germany; the Korean
Science and Engineering Foundation and the Korean Research Foundation;
the Science and Technology Facilities Council and the Royal Society,
UK; the Institut National de Physique Nucleaire et Physique des
Particules/CNRS; the Russian Foundation for Basic Research; the
Comision Interministerial de Ciencia y Tecnologfa, Spain; the European
Community’s Human Potential Programme; the Slovak R&D Agency; and
the Academy of Finland.

References

1. The CDF II Detector Technical Design Report, Fermilab-Pub-96/390-E. 1996.

2. Abe F. et al. (CDF Collaboration) // Phys. Rev. Lett. 1995. V.74. P.2626;
Abachi S. et al. (CDF Collaboration) // Ibid. P.2632.

3. Abulencia A. et al. (CDF Collaboration) // Phys. Rev. D. 2006. V.73.
P. 112006.

4. Beneke M. et al. Top Quark Physics, arXiv:hep-ph/0003033.

5. Sjostrand T. et al. PYTHIA 6.216 // Comput. Phys. Commun. 2001. V. 135.
P. 238.

6. Marchesini G. et al. // Comput. Phys. Commun. 1992. V.67. P.465.
Received on November 27, 2008.



Penaxrop B. B. bysramosa

[Tognucano B nmeuats 26.01.2009.
Dopmar 60 x 90/16. Bymara odcernasi. [Teuats odcerHas.
Yen. neu. g, 0,93. Yu.-usn. . 1,26. Tupax 375 ak3. 3akaz No 56473.

Wsnarenbckuii otaens O6beIHHEHHOTO HHCTHTYTa SIIEPHBIX HCCIEI0BaHHUE
141980, r. dy6una, MockoBckast 0641., yia. 2Koauo-Kiopu, 6.
E-mail: publish@jinr.ru
www.jinr.ru/publish/



