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Measuring the top quark mass using the dilepton decay modes
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We demonstrate_a new likelihood method for extracting the top quark mass from events of the type
tt:bW+(Iepton+ v)bW™ (lepton+ v). This method estimates the top quark mass correctly from an ensemble
of dilepton events. The method proposed by Dalitz and Goldstein is shown to result in a systematic underes-
timation of the top quark mass. Effects due to the spin correlations between the top quark and top antiquark are
shown to be unimportant in estimating the mass of the top qli&0556-282(197)06105-5

PACS numbd(s): 14.65.Ha

I. INTRODUCTION ing the intersection of two ellipses. This can yield zero, two,
o or four solutions for a given top quark mass. The likelihood
Thett dilepton decay channels in which boififs decay P(m|c) of a solution for a top quark mass, given the
into leptons and neutrinos are underconstrained with respecbserved configuration vector is obtained by using Bayes'’
to the reconstruction of the top quark mass due to the pregheorem:
ence of the two missing neutrinos. Nevertheless, as Dalitz
and Goldsteif 1] and independently Kondet al. [2] have P(mlc)=
shown, it is possible to extract mass information from these
events using a likelihood method. For each event, solutions
are obtained for the kinematic quantities for a range of top ) o S
quark masses. Each solution is weighted by a product oihereP(m) is thea priori probabl!llty dIStI’IbUtlon of the top
structure functions which estimates the probability of pro-quark massP(c|m) is the probability of observing the con-
ducing att pair consistent with the event at that top quark figuration vectorc, for a given top quark mass. If after
mass and a decay probability factor which neglects the poeach event is analyze#l(m) is updated byP(mc) itera-
larization of the top quark. In this paper we show that thetively, one gets the familiar multiplicative rule for combining
Dalitz-Goldstein weighting scheme leads to a systematic unlikelihoods. Dalitz and Goldsteifi,4] use the prescription
derestimation of the top quark mass. We propose a likeli- _
hood scheme which involves no kinematic weighting that is P(eIm) =2 paronf (x1)F(x2) D11, mD(l2,m), (22
shown to estimate the top quark mass correctly. Finally wavhereF(x,;) andF(x,) are the probabilities of finding par-
show thatnot allowing for the spin correlations in the decay tons with momentum fractiorx; and x, in the colliding
of top quarks in the Dalitz-Goldstein scheme does not furthebeam particles consistent with producing the event in ques-
bias the mass estimate significantly. tion andD(l,,m) [D(l,,m)] is the probability of observing
With the proposed luminosity upgrades of the Fermilaba lepton of energy, [I,] in the rest frame of the top quark
Tevatron[3], it is possible to_acquire thousands of events of{top antiquark The expression fob(I,m) as given in[1]
the typett— bW (leptor+ v) bW~ (leptort+ v), where both  neglects the top quark polarization, but treats the subsequent
the b quark jets are identified. The number of jet permuta-W decays according to the standard model. In reality spin
tions in these channels is smaller than the leptojets de- correlations are present and the two decays are correlated.
cay modes of the top quark. It may then become possible to

P(m)P(c|m)

, 2.1
f P(m)P(c/m)dm

measure the top quark mass using the dilepton channels with A. Measurement errors
the least amount of systematic error. The expression foP(c|m) in Eq. (2.2) must be further
modified to take into account measurement errors. If the
Il. METHOD measured configuration vector @g, of a true configuration

. . . vectorc, we can write
Each dilepton event is characterized by 14 measurements,

namely, the three vectors of the tvojets, leptons, and the

missing E; vector of the event. We denote these measure- P(Cm|m):f P(c[m)R(c,cp,0)dc, 2.3
ments collectively by the configuration vector Kinemati-

cally, each event is characterized by 18 variables, namelyyhere the functiorR(c,c,,,o) is the resolution function of
the three vectors of the jets, leptons, and the two missing the experiment, denoting the probability of observing the
neutrinos. For any given top quark mass, there are four corsonfiguration vectoc,, given a true configuration vectar.
straints that constrain the lepton and neutrino pairs to th&he resolution of each of the componentsa$ contained in
W mass and th&V andb pairs to the top quark mass. Given the resolution vectoe . In practice, it is possible to choose
a top quark mass, this enables one to solve for the neutrinothe configuration vectoc such thatR(c,c,,,o)is Gaussian.
This results in a pair of quadratic equations for the transversBecause of the symmetric nature of the Gaussian and
components of each neutrifi@]. The solution involves find- c¢,,, we can reexpress EQ.3) as
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P(cm|m)=j P(c|m)R(cy,,c,o)dc. (2.9 s %0‘02253,
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B. Choice of the configuration vector Top mass Gev/c

In what follows, we will assume that both the leptons are FIG. 1. (a) shows the number of solutions versus top quark mass
electrons. We choose the three quantities, energy, pseudorfar a typical event generated with top quark mass of 175 G&V/
pidity, and azimuth E, 5, $) to define the three vectors of (b) Probability distribution for that event obtained according to the
the leptons and jets. The electrons are smeared with a typicBe@litz-Goldstein prescription.
collider detector fractional resolution of 15%4/E) in en-
ergy and the jets with a fractional energy resolution of

. . AR m
0
80%/y/(E)® 0.05. We ignore the fluctuations in direction, as In general Monte Carlo events have weights associated

these are dwarfed by the energy fluctuations. phef the with them. These were normalized so that the average weight

[ﬁg;g{,gg engii?ftggéegz\%ggfgg fsptﬁgi ahn(ijt Jv?ltesrésaa!:r?]% the event sample was unity. Events with weights outside
quantity 9 e window 0.3-3.0 were rejected. The likelihood distribu-

jet. TheE+ is a deduced quantity from the measured quantivion for each event was raised to the power given by its

ties listed. The case when one or both of the leptons is §eight before being used to form the combined likelinood.
muon is handled by smearing the inverse momentum of the

muon as a Gaussian, but will not be further discussed here.
We do nota priori know which lepton is associated with
which b quark. We consider both combinations and add the We select only those events wity>15 GeV for both
likelihoods from either combination to form the total likeli- the leptons and jets ar#;>25 GeV. We demand that both
hood for each event, which is normalized to unity when in-b jets be explicitly identified by a tagging algorithm. While

final combined event likelihood can span several bins in
ass.

D. Event selection criteria

tegrated over the top quark mass smearing, we only admit smeared configurations that satisfy
the same criteria as the event selection.
C. Combining likelihoods In what follows we smear each Monte Carlo—generated

o _ event once to simulate the measurement process and subse-
We generate the likelihood spectrum for each event in th%]uenﬂy 1000 times to do the Monte Carlo integration.
top quark mass range of 100-250 Ge¥/At intervals of 1

GeV/c?.

The combined likelihood for an ensemble of events is
obtained by multiplying the likelihoods of the individual We generate Monte Carlo events with a top quark mass of
events. The likelihood for an individual event can be zero forl75 GeV£2. We neglect top quark polarization in generating
some values of the top quark mass due to the fact that wihese events, but treat the subseqWrdecays according to
have used a narrow resonance approximation fokfheass the standard mod¢b]. No final state or initial state radiation
in finding the solutions and due to the finite number ofis included in this initial set of events. The events hawe
smears done per event. In order to prevent the combinepairs produced according to the standard QCD processes
likelihood having zeros in some bins due to these effects, wédominated at Fermilab energies by valence quark fusion and
add a uniform floor probability distribution that integrates to s-channel gluon exchangeThe top quark polarization is ne-
1%, in the top quark mass interval 100-250 Ge&#/to the  glected after production. Thé/'s are decayed correctly ac-
likelihood distribution of each event and renormalize it. Thecording to the standard model, mimicking the assumptions
final mass values are insensitive to the exact value of thgoing into the Dalitz-Goldstein weighting scheme. We call
floor. this the uncorrelated sample.

The individual event likelihoods are sampled at top quark Figure Xa) shows the unweighted distribution of solu-
mass intervals of 1 Ge¥#. The combined likelihood mass tions found for the~ 1000 smeared configurations for a typi-
errors can fall below 1 Ge¢f. We interpolate the individual cal such event. The solutions turn on at a mass of 140 GeV/
event likelihoods at mass intervals of 0.25 GeA%o that the  c? and stay turned on until the end of the mass range at 250

Ill. RESULTS
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FIG. 2. Histogram of the fraction of the number of solutions , FIG. 3. For events generated with a top quark mass 175 GeV/

. - . 2 c®, (@ the combined likelihood distribution using the Dalitz-
R inawindow= 35 GeVL of the generated top quark mass. Goldstein weighting scheme yields a mean top quark mass 164.5

GeV/lc?+ 0.5 GeVt? and (b) using the new likelihood method
GeV/c?. Figure 1b) shows the probability distribution for ggszszed here yields a mean top quark mass 175.3 el 1
this event using the Dalitz-Goldstein prescription of Eq. '
(2.2). The structure function weighting in E@2.2) makes

the high mass solutions less likely, yielding a likelihood dis-ergy squared. This means that the Dalitz-Goldstein weight-
tribution that has a distinct peak. We now proceed to analyzghng scheme will tend to skew the likelihood distribution for
a sample of~1000 such Monte Carlo events that decay intoeach event toward lower top quark masses, since it is pro-
dileptons. Because of measurement errors, not all of thessortional to the product of the structure functions. We note
events will give solutions consistent with a top quark in thethat the top quark production cross section is also a product
mass range 100-250 Ge¥/ Figure 2 is a histogram of the of such structure functions and decreases rapidly as the top
quantity’R defined by quark mass increases, for the same reason. The likelihood
scheme proposed by Kondai al. [2] is proportional to the

_ N; 3.1) top quark production cross section and also suffers from this
Window ot 1 X Ngmear ' defect. It is this skewing of the likelihood distributions to-
wards lower masses that produces a 10.5 G&¥fas in the
whereN; is the number of solutions for top quark mass pglitz-Goldstein scheme. One can indeed ask why the top

toty, is the total number of top quark masses considered, anguark mass measurement has to be coupled to its production
Nsmear IS the total number of smears per event. The SuMmechanism at all.

extends for top quark masses in a windaw35 GeVt? of
the generated top quark mass. There is a peak in the histo-
gram for values ofR below 0.1. This is due to events that are ] ) ]
so mismeasured that they have difficulty solving for a top Figure Xa) shows the number of solutions for a typical
quark mass in the window considered even when smeared&/€nt as a function of the top quark mass. We now make the
thousand times. We reject events wigh<0.2 since these radical proposal of not using any weights at all, but simply
will have very spiky likelihood distributions. use a likelihood dlstr|but|on that is shaped like the number of
Figure 3a) is the combined likelihood of 511 events Solutions as a function of the top quark mass. If one exam-
which survive after event selection criteria and tRecut  ines this distribution visually for an ensemble of top quark
from an initial sample of 925 events, using the Dalitz- €VeNts, ther_e e_xist_s a significant number of events where the
Goldstein weighting scheni&]. likelihood distribution thus formed _does _show a peak and
The most likely top quark mass from the event sample idalls for large top quark masses. Using this scheme, one gets
164.5-0.54 GeVt?. The Dalitz-Goldstein weighting the combined likelihood of Fig.(8) wh|ch peaks at the input
scheme thus introduces a bias of 10.5 GR\tbwards lower Mass, but has a larger standard deviation. The larger standard

R=3

B. A new likelihood method

masses at this value of the top quark mass. deviation is due to the fact that we are not suppressing the
high mass tail of the individual event likelihood distributions
A. A Critique of the Dalitz-Goldstein weighting scheme using a weighting scheme. This method does not use any

extrinsic information of the top quark production mechanism
For a given event, the parton momeniq (x,) needed to to obtain the mass but relies solely on the measured kine-
produce it will decrease as the top quark mass decreased matic quantities of the events in question. We refer to this
sincex;x,=m?/s, wheres is the overall center-of-mass en- scheme as the “no-weights” method.
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TABLE |. Summary of top quark mass measurements on vari-

~ 1 o 10
%2 ° % ous Monte CarldMC) samples.
(] Q
g2 «S Top mass Dallitz-Goldstein No-weights
8 % MC sample methodGeV/c?) method(GeV/c?)
é 'g 175 GeVt? 1645+ 0.54 175.3+ 1.11
» Spin uncorrelated
175 GeVt? 164.8+ 0.49 174.1+ 1.05
' Spin correlated
140 GeVt? 131.8+ 0.37 139.9+ 0.7
I ®) ISAJET
160 [~ I 160 GeVt? 147.6+ 0.48 158.0+ 1.02
1 ISAJET
b , 180 GeVi? 163.7+ 0.74 175.1+ 0.92
i ISAJET
N = T 200 GeVt? 179.7+ 0.58 193.2+ 1.08
0 200 400 1 2 ISAJET

Number of events

2 .

FIG. 4. Evolution of(a) the mean value anb) standard devia- CG€V/c using the programsAJET [9]. We demand that bOth
tion of the combined likelihood distribution as a function of the theb quark jets be identified. Table | shows the results using
number of events fofi) Dalitz-Goldstein weighting scheméj) the  either method. Once again, the Dalitz-Goldstein method un-
“no-weights” method, andiii) curve showingN™*? shape. derestimates the generated mass. The “no-weights” method

can now be used to estimate the effects due to final state
radiation as implemented IISAJET. It can be seen that the
net effect of the final state radiation is to systematically

Figure 4a) shows the evolution of the mean value of the lower th? mgasured valu_e of the top quark mass. The amount
combined likelihoods for the Dalitz-Goldstein method and_Of lowering Increases with the top q_uark mass, due to the
the no-weights method as a function of the number of eventdncreased amount of final state radiation. A.‘t a top quark mass
Figure 4b) shows the evolution of the standard deviatieh of 180 GeVt?, the effect of final state radiation is to lower

2 .
of the combined likelihoods using the two methods as 4N€ 0P quark mass by-5 GeVk®. Finally, we have also
function of the number of events. An approximate/(M) studied the effect of event selecti@y cuts for their effect
dependence on the number of evénts is evident on the result. We get results that are the same within errors,

The “no-weights” mass is slightly sensitive to the value even when ndr cuts are used.
of the R cut, since the events rejected by tRecut tend to
favor lower top quark masses. It is possible to adjust®he IV. CONCLUSIONS
cut so that the input top quark mass is returned by the “no- \e have demonstrated a new likelihood method that de-
weights” algorithm. Once tuned at one generated top quarkermines the top quark mass in dilepton decays of the top
mass, tue alg(ént%r]n V‘S)rllfs v(v;el:dat all Othﬁr masses with thgyyark that gives an unbiased estimate of the top quark mass.
cut U”ﬁ anged. The a|tfz- 0 stelln scheme Ca”EOt Ireprcwe demonstrate that weighting schemes that involve prod-
duce the generated mass for any value offheut. It should  ¢ts of structure functions, such as the Dalitz-Goldstein
be noted that the window chosen around the generated maggheme, give a downward bias to the measured value of the
in defining theR cut has to be symmetric about the gener-io quark mass. We demonstrate that spin correlation effects
ated mass to avoid bias. This can be done iteratively wheBetween the top quark and top antiquark decay products do
dealing with data. not influence the outcome of the mass measurement. We

estimate the effects due to final state radiation as imple-
C. Spin correlations and final state radiation effects mented iNISAJET.

We now generate events where both the top quark and top The statistical precision obtainqble uging 1000 tpp quark
antiquark polarizations are taken into account and all spid® dilepton fully 'czagggzd events using this method is of the
correlations are kept at the tree leyél. We use the two order of 1 GeV¢ using thls technique. Assuming that jet
weighting methods outlined above to determine the tofEneray scale systematllcs in the upgraded Tevatron detec;tors
quark mass. The results are presented in Table I. There is f&" be controlled to this level, _the dilepton channels provide
apparent shift in the top quark mass between the two sampléd excellent means of measuring the top quark mass.
for either method. From this, we conclude that spin correla-
tions do not affect the determination of the top quark mass in
the dilepton channel in any significant way. The Monte Carlo
samples used so far do not include additional jets due to The author wishes to thank Stephen Parke for helpful dis-
initial and final state gluon radiation. We now generatecussions and for providing the ne®aJET top Monte Carlo
~1000 events at top quark masses of 140, 160, 180, and 2@@mples. This work was supported by the U.S. DOE.
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