Section 9

SYSTEMATIC UNCERTAINTIES

The general procedure for estimating the systematic uncertainty on M_{top} from a given source is handled similarly for all sources. For a given source of uncertainty, we make a change in the input value, and evaluate the impact on the measured top quark mass. The change is either a one standard deviation (1σ) uncertainty on the variable in question, or a change in an input assumption. The change in the top quark mass is evaluated using simulated experiments (see Section 7.3). We perform a large number of simulated experiments with (a) the nominal input value of the variable or the standard assumption, and (b) a “1σ” shift in the variable value or the changed assumption. The reconstructed-mass distribution from each simulated experiment is fit using the same likelihood procedure as used on the data sample, thus obtaining a measured top quark mass. The likelihood procedure includes the same templates as used with the data. The systematic uncertainty is defined as the difference in the median top quark mass between the two ensembles (a) and (b). The distribution of reconstructed top quark masses from simulated 102 experiments in which all inputs are set to their nominal values was shown in Fig. 7.6.

9.1 Uncertainties from the energy scale

The event reconstruction algorithm varies the measured momenta of the jets, leptons, and unclustered energy to fit the kinematics of the hypothesized tt̄ decay. The energy scale for electrons and the momentum scale for muons are known to a precision of 0.14% and 0.065% respectively [31]. This uncertainty has a negligible effect on the uncertainty in the top quark mass measurement. The uncertainty on the quantity X_T , the transverse energy beyond the partons associated with the tt̄ event, has been discussed in Section 5.2. This uncertainty is large, but large variations of X_T do not have a significant impact on the mass reconstruction. The E̸_T is evaluated through the measurements of the charged lepton, the jets, and the unclustered energy, and is therefore not an independent measurement (see Section 5.2). To avoid correlations it is not used as a measurement in the fit, but is used to estimate a starting value for the transverse momentum of the neutrino. Thus, the energy scale uncertainty in the measured top quark mass is dominated by the uncertainty in the measurement of the jet momenta.

The total uncertainty in the jet P_T scale is taken as the quadrature sum of all uncertainties discussed in Section 5.1. We apply +1σ and −1σ shifts to the jet momenta in tt̄ signal and background events, and measure the effect on the measurement of the top quark mass. For the SVX Single subsample, the distributions of reconstructed masses for −1σ and +1σ shifts in the P_T scale are shown in Figs. 9.1(a) and (c) respectively. These distributions may be compared to Fig. 9.1(b) which shows the distribution obtained from the default momentum scale. As expected, a clear shift in the reconstructed-mass spectrum is observed. We generate analogous distributions for the other three mass subsamples and for the background mass distribution. To obtain the systematic uncertainty, we generate two large samples of simulated experiments. In the first sample, we choose the reconstructed masses for tt̄ events at random from distributions like the one in Fig. 9.1(a). In the second sample, we use distributions like the one in Fig. 9.1(c). The simulated experiments in each of these samples are fit using the standard templates and the likelihood technique described in Section 7. The median top mass from the simulated experiments in the two samples differ because of the applied jet P_T scale shifts. The distribution of reconstructed top masses from the two (jet P_T shifted) samples are displayed in Fig. 9.2. We take half the difference between the medians of the −1σ and +1σ distributions (from Fig. 9.2) as the uncertainty on the top quark mass measurement due to the P_T scale uncertainty. Using this prescription, we obtain a top mass uncertainty of ±4.4 GeV/c^2 from the jet P_T scale.

9.2 Initial and final state hard radiation

QCD radiation that produces jets can originate from the outgoing (final state) partons, the incoming (initial state) partons, or from interference among the two. The interference effect is expected to be small [56] and is not considered here.

The effects of initial state radiation (ISR) and final state radiation (FSR) on the measurement of M_{top} are studied using the PYTHIA program since it allows the two effects to be studied in isolation from one another. The approach used to evaluate the systematic uncertainty due to ISR is to compare the median mass from simulated experiments using the standard PYTHIA settings to the median mass from simulated experiments with ISR turned off. The median mass from simulated experiments for the no-ISR PYTHIA sample is found to be lower than that of the standard PYTHIA sample by 2.6 GeV/c^2. The uncertainty is taken to be one half of the shift in median mass between

Figure 9.1: Distribution of reconstructed masses for SVX Single tagged events from the HERWIG tt̄ Monte Carlo simulation using an input top mass 175 GeV/c^2 for (a) a −1σ shift in the jet P_T scale, (b) no shift in the jet P_T scale, and (c) a +1σ shift in the jet P_T scale. These distributions are used as inputs to generate the samples of simulated experiments described in the text.

Figure 9.2: Distribution of fitted top masses returned from the likelihood procedure for simulated experiments. The solid histogram shows the distribution when the jet P_T scale is shifted down by −1σ, and the dashed histogram shows the results when the jet P_T scale is shifted up by +1σ. The median top masses for each are indicated on the figure, from which we obtain a systematic uncertainty of 4.4 GeV/c^2.

the standard PYTHIA simulation and the no-ISR PYTHIA simulation, which is 1.3 GeV/c^2. We assume that the shift is symmetric with the amount of ISR and therefore the uncertainty is ±1.3 GeV/c^2.

Extracting the effects due to final state radiation is a more subtle exercise because PYTHIA, like HERWIG, describes jet formation through a parton shower. The effects of modeling the softer components on the measurement of M_{top} are described by the studies of soft gluon radiation (see Section 5.1.1). In this discussion, we are therefore referring to the “harder” component of FSR, which leads to extra jets in the final state. To isolate the effect of FSR, we use a sample of PYTHIA events which have ISR turned off. We select a subsample of these events that have exactly four jets ( either four high-E_T jets, E_T > 15 GeV and |η| < 2.0, or three high-E_T jets plus one with E_T > 8 GeV and |η| < 2.4), all of which can be uniquely matched to the partons from tt̄ decay (within a cone of 0.4). Using the procedure of simulated experiments, we take the systematic uncertainty to be half the difference between the no-ISR PYTHIA events with no restriction on the number of jets and the subsample of events with exactly four jets uniquely matched to the partons from tt̄ decay. We assume that this difference is approximately independent of the amount of ISR present. The median top mass from the no-ISR sample with exactly four jets is found to be larger than the default no-ISR sample by 4.4 GeV/c^2. The systematic uncertainty is taken to be one half of the difference in the median top masses between the two samples, or 2.2 GeV/c^2. As with ISR, we assume that the shift in top mass is symmetric with respect to the amount of FSR, so the systematic uncertainty is ±2.2 GeV/c^2.

9.3 Background mass distribution

In generating the default background distributions with the VEC- BOS program, we used the W +3 partons matrix elements and chose a scale of

Q^2 = ⟨P_T⟩^2. This Q^2 scale is not only used in VECBOS for the computations of the matrix elements and the evaluation of the parton distribution functions, but it is also used in the evolution of the parton showers to limit the P_T of additional jets [59]. As a result, the shape of the reconstructed-mass distribution is sensitive to the choice of scale. The systematic uncertainty from using the assumed background shape was evaluated by changing the Q^2 scale from ⟨P_T⟩^2 to M^2_W . Simulated experiments using tt̄ and the modified background shape (Q^2 = M^2_W ) were fit to the default signal and background probability distributions as described in Section 7. The median mass from these simulated experiments was found to differ by 1.3 GeV/c^2 from simulated experiments using the default background shape. The systematic uncertainty from the background shape modeling is taken to be this difference symmetrized, or ±1.3 GeV/c^2.

9.4 b-Tagging

A systematic uncertainty in the top mass measurement may arise from an uncertainty in the SVX and SLT tagging efficiencies. For SVX tagging, the primary uncertainty comes from the possible E_T dependence of the SVX tagging efficiency which may differ from the simulation. The SVX tagging efficiency in data relative to the simulation is parametrized as a function of the jet E_T, and is nearly flat. The systematic uncertainty is evaluated by assuming the largest possible E_T dependence of this ratio given the available statistics. Comparison of results obtained using a flat ratio to those obtained with a sloped one gives a mass shift of only 0.1 GeV/c^2

The jet E_T dependence of the SLT tagging efficiency is better known than in the SVX case. However, a systematic uncertainty does arise from the uncertainty in the expected ratio of true to fake SLT tags in tt̄ events. To estimate the sensitivity of our top quark mass measurement to this ratio, we generate Monte Carlo tt̄ events in which all SLT tags are either (a) true tags, or (b) fake tags. We then produce two large samples of simulated experiments, each having the same number of observed events as in our four mass subsamples and including the appropriate background contributions. The two samples of simulated experiments consist of either events all from set (a) or all from set (b). The median top quark mass values from the two samples of simulated experiments differ by 0.8 GeV/c^2. We take half of this difference, or 0.4 GeV/c^2, as the corresponding systematic uncertainty in the top quark mass. Combining the systematic uncertainties from SVX and SLT tagging, we find an overall systematic uncertainty of ±0.4 GeV/c^2.

9.5 Parton distribution functions

All of the Monte Carlo samples used to measure the top mass were generated with the MRSD0^′ [37] set of parton distribution functions (PDF). This was the preferred PDF at the time the samples were generated. Newer distribution functions now exist, in particular ones which fit CDF’s inclusive jet cross section. One such PDF, CTEQ4L [60], provides a higher gluon content at lower momentum fraction than MRSD0^′. We take the shift in the median top mass between samples generated with the two PDF’s as the relevant uncertainty. We therefore assign a systematic uncertainty of ±0.3 GeV/c^2 in the top quark mass from this source.

9.6 Monte Carlo generators

The effect of using different Monte Carlo generators has also been studied. Previously, this was evaluated from the difference between the HER- WIG and ISAJET simulations. Because of the evidence that independent fragmentation does not reproduce some aspects of the data (energy flow around and between jets [61, 9]) we will not use ISAJET here. We evaluate the systematic uncertainty from the choice of Monte Carlo generators via the mass shift between the HERWIG and PYTHIA simulations. This gives a systematic uncertainty of ±0.1 GeV/c^2.

9.7 Summary of systematic uncertainties

The relevant systematic uncertainties studied for the top mass measurement are listed in Table 9.1. Combining all of these effects in quadrature gives a total systematic uncertainty of ±5.3 GeV/c^2, or ±3% of 176.1 GeV/c^2.

Source Uncertainty (GeV/c^2) Jet energy measurement 4.4 Initial and final state radiation 2.6 Shape of background spectrum 1.3 b-Tagging 0.4 Parton distribution functions 0.3 Monte Carlo generators 0.1 Total 5.3

Table 9.1: Systematic uncertainties on the measurement of the top quark mass for this analysis.

REFERENCES

[1] F. Abe et al., Phys. Rev. D 50, 2966 (1994); Phys. Rev. Lett. 73, 225 (1994).

[2] F. Abe et al., Phys. Rev. Lett. 74, 2626 (1995). [3] S. Abachi et al., Phys. Rev. Lett. 74, 2632 (1995).

[4] F. Abe et al., Phys. Rev. Lett. 75, 3997 (1995); F. Abe et al., Phys. Rev.

D. 51, 4623 (1995).

[5] S. Abachi et al., Phys. Rev. Lett. 79, 1197 (1997). [6] F. Abe et al., Phys. Rev. Lett. 80, 2767 (1998). [7] F. Abe et al., Phys. Rev. Lett. 80, 2773 (1998). [8] S. Abachi et al., Phys. Rev. Lett. 79, 1203 (1997). [9] F. Abe et al., Phys. Rev. D. 59, 092001 (1999). [10] F. Abe et al., Phys. Rev. Lett. 79, 1992 (1997).

[11] B. Abbott et al., Phys. Rev. Lett. 83, 1908 (1999); Phys. Rev. D 60, 012001 (1999).

[12] F. Abe et al., Phys. Rev. Lett. 80, 2779 (1998). [13] B. Abbott et al., Phys. Rev. Lett. 80, 2063 (1998). 143

[14] M. Jezabek and J.H. Kuhn, Phys. Rev. D 48, 1910 (1993); Erratum, ibid.

49, 4970 (1994).

[15] I.I. Bigi, Yu L. Dokshitzer, V.A. Khoze, J.H. Kuhn, and P. Zerwas, Phys.

Lett. B 181, 157 (1986).

[16] S.L. Glashow, Nucl. Phys. 22, 579 (1961); S. Weinberg, Phys. Rev. Lett.

19, 1264 (1967); A. Salam, in Elementary Particle Theory: Relativistic Groups and Analyticity (Nobel Symposium No. 8), edited by N. Svartholm (Almqvist and Wiksell, Sweden, 1968), p. 367.

[17] The LEP Collaborations, the LEP Electroweak Working Group and the SLD Heavy Flavor and Electroweak Groups, CERN-EP/99-15 (1999).

[18] F. Abe et al., Phys. Rev. Lett. 79, 3835 (1997).

[19] F.Abe et al., Nucl. Instrum. Methods A271, 387 (1988).

[20] F. Bedeschi et al., Nucl. Instrum. Methods A268, 50 (1988).

[21] The pseudo-rapidity η is defined as − log(tan(θ/2)), where θ is the polar angle measured relative to the positive z-axis (taken as the direction of the outgoing proton beam) assuming a z-vertex position of zero. For the mass fit discussed in Section 6 we recalculate η using the measured zvertex position for each event.

[22] F. Snider et al., Nucl. Instrum. Methods A268, 75 (1988). This is the reference for the previous generation of the device. The replacement for the Run 1 data sample has more modules, each with a shorter drift length but is otherwise similar.

[23] F. Abe et al., Phys. Rev. Lett. 76, 3070 (1996).

[24] P. Azzi et al., Nucl. Instrum. Methods A360, 137-140 (1995), for Run 1b. D. Amidei et al., Nucl. Instrum. Methods A350, 73-130 (1994); D.

Amidei et al., Nucl. Instrum. Methods A342, 251-259 (1994); C. Haber et al., Nucl. Instrum. Methods A289, 388 (1990); for Run 1a.

[25] G. Ascoli et al., Nucl. Instrum. Methods A268, 33 (1988); G. Ascoli et al., Nucl. Instrum. Methods A268, 41 (1988).

[26] L. Balka et al., Nucl. Instrum. Methods A267, 272 (1988); S. R. Hahn et al., Nucl. Instrum. Methods A267, 351 (1988); K. Yasuoka et al., Nucl. Instrum. Methods A267, 315 (1988); R. G. Wagner et al., Nucl. Instrum. Methods A330, 272 (1988); T. Devlin et al., Nucl. Instrum. Methods A267, 24 (1988).

[27] S. Bertolucci et al., Nucl. Instrum. Methods A267, 301 (1988).

[28] The unclustered energy consists of the total energy which is not contained in jets with E_T > 8 GeV and |η| < 3.4.

[29] The missing E_T, E̸_T is defined to be the magnitude of the vector sum of the raw transverse energies in all calorimeter towers with |η| < 3.6. Only towers which exceed a detector-dependent energy threshold are included in the sum [1].

[30] A fiducial lepton is required to be within a well-understood region of the CEM which allows for good lepton identification.

[31] F. Abe et al., Phys. Rev. D 52, 4784 (1995); F. Abe et al., Phys. Rev.

Lett. 75, 11 (1995).

[32] The isolation, I, is defined as the E_T (P_T) within a cone of ΔR < 0.4 centered on the lepton, but excluding the lepton energy, divided by the E_T (P_T) of the lepton.

[33] F. Abe et al., Phys. Rev. D 45, 1448 (1992).

[34] D. Kestenbaum, Ph.D. Thesis (unpublished), Harvard University (1996).

[35] F. Abe et al., Phys. Rev. Lett. 73, 2662 (1994).

[36] K. Tollefson, Ph.D. Thesis (unpublished), University of Rochester (1997). [37] A.D. Martin, R.G. Roberts, and W.J. Stirling, Phys. Lett. B 306, 145 (1993).

[38] P. Avery, K. Read, G. Trahern, Cornell Internal Note CSN-212, March 25, 1985 (unpublished). We use Version 9 1 with a b lifetime of 1.45 ps.

[39] G. Marchesini and B.R. Webber, Nucl. Phys. B310, 461 (1988); G.

Marchesini et al., Comput. Phys. Comm. 67, 465 (1992).

[40] T. Sjöstrand, Computer Physics Commun. 39, 347 (1986) ; T. Sjöstrand and M. Bengtsson, Computer Physics Commun. 43, 367 (1987); T. Sjöstrand and M. Bengtsson, Computer Physics Commun. 46, 43 (1987).

[41] F. Paige and S.D. Protopopescu, BNL Report No. 38034, 1986 (unpublished).

[42] F.A. Berends, W.T. Giele, H. Kuijf and B. Tausk, Nucl. Phys. B357, 32 (1991).

[43] J. Benlloch, Proceedings of the 1992 DPF Meeting, 10-14 Nov., 1992, Batavia, IL, ed. C.H. Albright et al., World Scientific, (1993) p. 1091.

[44] F. Abe et al., Phys. Rev. Lett. 79, 4760 (1997).

[45] F. Ptohos (for the CDF Collaboration), Proceedings of the International Europhysics Conference on High Energy Physics 99, Tampere, Finland, July 17, 1999.

[46] J. Ohnemus and J. F. Owens, Phys. Rev. D 43, 3626 (1991).

[47] T. Stelzer, Z. Sullivan and S. Willenbrock, Phys. Rev. D 58, 3626 (1998);

T. Stelzer, Z. Sullivan and S. Willenbrock, Phys. Rev. D 56, 5919 (1997); T. Stelzer and S. Willenbrock, Phys. Rev. D 54, 6696 (1996); T. Stelzer and S. Willenbrock, Phys. Lett. B 357, 125 (1995).

[48] Raw jet energies are the observed values after performing the jet clustering, but prior to any corrections. The raw jet energies are used to select the data samples and are used in defining the four highest E_T jets.

[49] F. Abe et al., Phys. Rev. D 47, 4857 (1993). [50] F. Abe et al., Phys. Rev. Lett. 77, 438 (1996). [51] P. Bagnaia et al., Phys. Lett. 144B, 283 (1984).

[52] M. Lancaster, Proceedings of “Les Rencontres de Physique de la Vallée d’Aoste”, La Thuile, March 1997, ed. M. Greco.

[53] MINUIT Reference Manual, CERN Program Library Entry D506, 1994. [54] O. Dahl, T. Day, F. Solmitz and N. Gould, Lawrence Berkeley Lab, Alvarez Group Programming Note P-126 (1968).

[55] F. Abe et al., Phys. Rev. Lett. 74, 341 (1995).

[56] L. Orr, T. Stelzer, and W. J. Stirling, Phys. Rev. D 52, 124 (1995); Phys.

Lett. B 354, 442 (1995).

[57] S. Bettelli, Ph.D. Thesis (unpublished), University of Pisa (1996). [58] N. Eddy, Ph.D. Thesis (unpublished), University of Michigan (1998). [59] G. Altarelli and G. Parisi, Nucl. Phys. B126, 298 (1977); Yu L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977); V. N. Gribov and L. N. Lipatov, Sov. J. Nucl. Phys. 15, 438 (1972).

[60] H. L. Lai et al., Phys. Rev. D 55, 1280 (1997). [61] F. Abe et al., Phys. Rev. D 50, 5562 (1994).

[62] F. Abe et al., Phys. Rev. Lett. 82, 271 (1999); Erratum ibid. 82, 2008E (1999).

[63] K. Kondo, J. Phys. Soc. Jpn. 57 4126 (1988); ibid. 60, 836 (1991). [64] E. W. Varnes, Ph.D. Thesis (unpublished), University of California, Berkeley (1997).

[65] Particle Data Group, C. Caso et al., Eur. Jour. Phys C 3, 1 (1998), p.

173.

[66] B. Abbott et al., Phys. Rev. D 60, 052001 (1998).

[67] L. Demortier, R. Hall, R. Hughes, B. Klima, R. Roser and M. Strovink, Fermilab Report No. FERMILAB-TM-2084 (1999).

[68] M. Lanzoni, University of Pisa Thesis (unpublished) (1996). [69] D. Buskulic et al., Phys.Lett. B 313, 535 (1992). [70] F. Abe et al., Phys. Rev. D 53, 1051 (1996).

[71] D.Buskulic et al., Phys. Lett. B 284, 177 (1992); P.Abreu et al., Phys.

Lett. B 322, 459 (1994); R.Akers et al., Phys. Lett. B 327, 411 (1994). [72] Monte Carlo studies showed that the jet probability distributions for light quark and gluon jets were similar, so that a single non-b probability distribution was used.

[73] S. Aota, Ph.D. Thesis (unpublished), University of Tsukuba (1997).