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Chapterr  6 

Directt  W Mass Measurement 

Inn this chapter, we will use the selected WW events to measure the W mass, m W- The WW 
productionn cross section aww is sensitive to the W mass at center-of-mass energies close to 
threshold,, y/s « 2mw, and this sensitivity has been used to measure the W mass in the 1996 
dataa at y/s = 161.3 GeV, covered in Section 5.6. At higher center-of-mass energies, most 
informationn on mw is present in the event kinematics. 

Too study the event kinematics we make use of the event selection as described in the 
previouss chapter, but we add the following two cuts: 

1.. The neural net output value nnout should be larger than 0.6, see Figure 5.7. The overall 
signall  efficiency for this cut, including the preselection cuts, is 85.4%, the remaining 
backgroundd is 1.6 pb. 

2.. The probability of the x2 of the best combination in the five-constraints kinematic fit, 
P5c,, should exceed 0.01. 

Thee distribution of Psc is shown in Figure 6.1 for the events selected with nnout > 0.6. 
AA cut on P5c is applied since the first bin is likely to contain misreconstructed events and 

hass a high background. The misreconstruction can consist of effects like a jet in the beam 
pipe,, particles clustered to the wrong jet, one or more high energy ISR photons, etc. The 
dataa shows an excess at low values of P5c in comparison to the Monte Carlo expectation; the 
effectss of this will be discussed in the section on systematic errors. 

6.11 Fit Method 

Thee W mass is determined in a maximum likelihood fit. Ideally, the likelihood is constructed 
as s 

£ (mw )) = A £* ( mw; ^ m e a s u r e d) , (6.1) 
t= i i 
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Figuree 6.1: Distribution of the probability of the \ 2 of the best combination in the five-
constraintsconstraints kinematic fit, Pso, for events selected with nnout > 0.6. Left: 0.-0.05 range; 
right:right:  0.05-1.0 range. Dots are data, open histograms are the WW signal Monte Carlo, and 
dasheddashed histograms represent the background. 

wheree ^m e a s u r ed j s the set of measured quantities that are sensitive to the W mass for event i, 
andd the product runs over all selected events Nev. An obvious choice for #m e a s u r ed would be 
thee 4-momenta of the four reconstructed jets, possibly supplemented with variables indica-
tivee of the quality of reconstruction of this particular event. An example of such a variable 
couldd be j / 4 5 ; if it is high the event is compatible with a 5-jet hypothesis and there is a larger 
potentiall  for misreconstruction. 

Thee approach described above requires analytical knowledge of Hi, which is in general 
nott available. A possible solution consists of the use of an approximation to this event 
likelihoodd £,. Although an approximation is not fully correct, much information available 
inn the event can be used. A drawback is the fact that the result wil l in general be biased 
andd does not give a reliable error estimate. In addition, the bias may depend on assumptions 
madee in the approximation for d, e.g. the bias may depend on an implicit assumption for 
mwmw Careful Monte Carlo studies could however be used to obtain a bias-corrected estimate 
off  mw

eai iured and a rescaled error estimate. 

Ourr approach is to obtain a reliable estimate for d, so that a true maximum likelihood 
fitt can be performed, directly giving a bias-free estimate for m w and a proper error estimate. 
Thee vector {j' i

measured i s chosen to be the W mass obtained from event i using a five-constraints 
kinematicc fit (see Section 4.5), denoted as mfc. Taking into account signal and background 
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6.2.. Jet Pairing 

wee then obtain 

^ ( m w j m f )) = | ^ ( m w ; m f c ) + ^ ( m f ) } / {0%$™* + a%™red}  (6-2) 

Thee primes in the differential cross sections in this equation indicate that the standard model 
crosss sections -^c are rescaled to the total measured cross section cr{Vwsured: 

^ ^ ( m W '' ^ ] = ^ ^ ( m w) dri*  ' ( 6 3 ) 

Thiss procedure guarantees proper normalization of C{. In this way, no cross section infor-
mationn is used in the mass fit. 

Thee differential cross sections da^/dm50 and da^/dm5C are obtained with a Monte 
Carloo numerical evaluation [110]. A set of NMc Monte Carlo events are generated with an, 
inn principle, arbitrary W mass mw

f . In order to generalize results to different W masses, an 
eventt weight tüj(mw) is calculated for each Monte Carlo event j as follows: 

,, ref, ^ m w > |A*(mw;Öj)|2 

Wj(mw;mw)) = A, , — K = —*— f - , (6.5) 

wheree fij  denotes the 4-momenta of the four fermions in Monte Carlo event j , and i/i . 
Usingg the weighted Monte Carlo events set, and assuming that sufficient Monte Carlo 

statisticss is available, the total cross section is given by: 

II  NMC 

ff(mff(mww)) = ff(mj)v— D  wAmw)- (6.6) 
A^MC C 

Inn a similar way, the differential cross section can be estimated by considering the weighted 
numberr of events in an interval of size A centered around mfc: 

Thee method can trivially be extended to independent data sets (e.g. data from different years) 
byy multiplication of the likelihoods. 

6.22 Jet Pairing 

Inn a WW — four-jet event, there are three different ways in which jets can be paired into two 
WW bosons. For the measurement of the WW cross section a 4C kinematic fit  was performed, 
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Directt W Mass Measurement 

andd the best pairing was chosen as described in Section 4,5.1. This method has a high 
probabilityy of finding the right combination, but biases the mass distribution for signal and 
background.. Although the fit  result using reweighting will still be bias-free and give a correct 
estimatee of the error, the resulting statistical sensitivity will not be optimal. 

Instead,, for every event three 5C kinematic fits are performed, and the resulting masses 
aree ordered according to the probability of the \2 of the fits, ¥%c. In Figure 6.2, the mass 
distributionss are shown for the best fits, m\c with the highest P5c, the second best fits m\c, 
andd for the worst fit, m\c. In all three distributions, only events passing the cut on P5c are 
included.. It is clear that there is mass information in the best pairing, but also in the second 
bestt pairing; these are the events in which the pairing with the second best x2 is closest to 
thee true pairing. On the other hand, there is very littl e mass information in the worst pairing, 
whichh nearly always corresponds to a pairing of jets from different W's. In addition, in the 
thirdd pairing most events do not pass the cut on P5c. 

Sincee for any given event m\c and m\c correspond to different pairings of jets, and 
onlyy the correct pairing contains information on the W mass, m ^ and m\c are in good 
approximationn independent. This was checked with Monte Carlo samples, and a correlation 
pp = 0.1  1.4% was found between the mass fitted using the first and the second sample. In 
thee mass fit, we thus use the first and second pairing as independent data sets, multiplying 
thee likelihoods. 

6.33 Monte Carlo Statistics 

Thee reweighting method only works correctly if sufficient Monte Carlo statistics is avail-
ablee [111]. In our method, the likelihood is evaluated numerically by counting Monte Carlo 
eventss in a box around the data events, and the likelihood thus has a statistical error that needs 
too be taken into account, and whichh would not be there if the likelihood were calculated ana-
lytically.. In principle, this means that the fit  method is not a proper likelihood fit, and there-
foree not necessarily bias-free. The effect is in particular important since, when reweighting is 
performed,, the effective Monte Carlo statistics JVMc is proportional to (£ Wi)2/ £ w2, which 
dependss on mw-

Inn the fit of the WW cross section explained in Section 5.4, the Monte Carlo statistics 
wass taken into account by letting the observed number of Monte Carlo events in a bin be a 
stochasticc variable depending on the expected number of Monte Carlo events in that bin, and 
aa corresponding term was added to the likelihood in equation 5.6. The dependence of the 
effectivee Monte Carlo statistics on the fit result mw prohibits the use of a similar procedure 
here;; this turns out to be a fundamental limitation of this method [112]. The influence of 
finitefinite Monte Carlo statistics on the final result needs to be checked carefully, which will be 
donee in the next section. 
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6.3.. Monte Carlo Statistics 
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Figuree 6.2: Mass distributions for the pairing with the best x2. the second best \2, end the 
worstworst x2- For the two top plots, P{x2) > 0.01, the events in the bottom plot are the same 
eventsevents as those in the middle plot as only very few events have P{x2) > 0.01 for the third 
pairing. pairing. 
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Directt W Mass Measurement 

6.44 Implementation and Technical Checks 
Forr the results given here, the fit  method as explained in section 6.1 was used. Only events 
withh 70 < mgC < 100 GeV were used in the fit;  events outside this window have no mass 
informationn and are dominated by background. 

Thee influence of the box size A in equation 6.7 on the fit results was studied. In Fig-
uree 6.3, the statistical error of the fit  result is plotted as a function of A. Based on this plot, 
AA was fixed to a value of 0.5 GeV, at the right side of the plateau. For very low values of 
A,, Monte Carlo statistics in each box is insufficient and the apparent decrease of the error is 
artificiall  and in fact incorrect. At high values of A, the box size is too large to accommodate 
changess in the likelihood within the box, and statistical sensitivity is lost. 

Thee linearity and bias of the fit  were checked with Monte Carlo samples generated at 
variouss values of mw between 80.0 and 81.0 GeV. Results of fitted minus generated mass 
aree shown in Figure 6.4 for fits with box size 0.5 GeV, 0.1 GeV and 0.01 GeV. It can be 
seenn that the fits with box size 0.5 and 0.1 GeV are linear and unbiased for all input masses, 
whereass the fit with very small box size 0.01 GeV is not linear, and biased for input masses 
awayy from the mass used in the sample being reweighted. This is due to too small Monte 
Carloo statistics in the boxes. 

Thee accuracy of the error on the mass coming out of the fit  was checked by performing 
thee fit repeatedly on samples of Monte Carlo events, each corresponding to an integrated 
luminosityy equal to the data. Results are shown in Figure 6.5. It can be seen that the width 
off  the distribution of W mass fit results corresponds well to the errors coming out of the fits. 
Thee expected statistical error on the extracted W mass from samples of this size is 125 MeV. 

6.55 Results and Systematic Error  Analysis 

Applyingg the fit to the qqqq data at y/s = 189 GeV, the following result is obtained: 

mww = 80.471  0.133 GeV, (6.8) 

wheree the error is statistical only. The error is slightly larger than expected from Monte Carlo 
studiess (Figure 6.5); the probability to get an error of 133 MeV or larger is 10%. 

Possiblee systematic influences on the result are studied in a way similar as done for the 
crosss section measurement. For each effect, a Monte Carlo sample is made with a modeling 
off  that effect different from the standard sample, and that new sample is then used as the 
baselinee sample for the fit. The difference with the standard result is taken as an estimate 
off  the systematic error for that effect. This method gives the "observed" systematic error 
onn the selected data sample, in contrast to conventional methods in which a changed Monte 
Carloo sample is used as "fake data", which gives the "expected" systematic error. There is 
noo statistical component to the systematic error due to the use of data in the test; this data is 
identicall  to the data in the standard fit. 
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Figuree 6.3: Top: mass fit result on data as a function of the box size A. Bottom: fit error on 
datadata as a function of A. 
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Figuree 6.5: Left: Left: distribution of W mass fit results originating from fits to many Monte Carlo 
samplessamples of size equal to the data. The assumed W mass in the Monte Carlo was 80.5 GeV. 
Right:Right: distribution of the mass errors coming out of the fits. 

Ann intrinsic problem for all Monte Carlo-based methods of systematic error studies is the 
limitedd Monte Carlo statistics. For the samples used in these studies, the statistical uncertain
tiess on the systematic errors are typically between 10 and 30 MeV, despite the generation of 
moree than 106 Monte Carlo events. 

6.5.11 Detector Response Uncertainties 

AA list of systematic errors assigned on mw due to uncertainties in detector response is given 
inn Table 6.1. A description follows below, but as most effects have already been discussed in 
thee chapter on the cross section measurement more details are given there. 

ECALL  Energy Calibration 

Thee BGO is calibrated with the RFQ and Xenon calibration systems before and after data 
takingg and between fills, and with Bhabha events (e+e~ -» e+e") during data taking; the 
energyy scale of the BGO for electromagnetically showering particles is known to 0.3%. For 
hadronicc particles, the energy scale is less well known, and for the evaluation of the system
aticc error was scaled by . Subsequently, the W mass analysis was repeated, and a shift 
off 19 MeV was found, which was assigned as a systematic error. 
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Source e 

ECALL Energy Calibration 

HCALL Energy Calibration 

Jett Angular Resolution 

Clusterr Simulation 

^-factors s 

CutonP(X -y y 

Total l 

Errorr on my/ [ MeV] 

19 9 

2 2 

17 7 

13 3 

6 6 

4 4 

30 0 

Tablee 6.1: Assigned systematic error on mw , in MeV, due to uncertainties in detector re-
sponse. sponse. 

HCALL  Energy Calibration 

Thee analysis was redone with the HCAL energy scaled by % to take into account uncer
taintiess in the HCAL energy calibration. The resulting W mass shift of 2 MeV was taken as 
aa systematic error. 

Jett  Angular  Resolution 

Inn order to take into account uncertainties in the angular resolution of jets, their position was 
smearedd by 0.5 degrees, and the analysis was repeated. The W mass was found to be shifted 
byy 17 MeV. 

Clusterr  Simulation 

Thee simulation of low energy clusters in the Monte Carlo is known to be problematic. In 
orderr to estimate the effect on the W mass, the distribution was shifted by 3 clusters and the 
analysiss was repeated. This led to a shift of 13 MeV on the W mass, which was taken as a 
systematicc error. 

^-factor s s 

Inn order to estimate the uncertainty in the ^-factors, the analysis was repeated using in the 
Montee Carlo simulation the (/-factors determined in the data, rather than those determined 
byy Monte Carlo. Since these two sets of p-factors are known to be different, for understood 
reasons,, half of the effect of 12 MeV is quoted as a systematic error. 
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6.5.. Results and Systematic Error Analysis 

Source e Errorr on mw [ MeV] 

Background d 

WWW  qqqq Background Scale 

qqq Background Scale 

ZZZ Background Scale 

Four-Jett Description in qq 

ISRR Description in qq 

1 1 

4 4 

3 3 

Signal l 

Four-Fermionn vs CC03 Reweighting 

ISR R 

FSR R 

Total l 

4 4 

10 0 

3 3 

12 2 

Tablee 6.2: Assigned systematic error on raw. in MeV, due to uncertainties in the modeling 
ofof signal and background in the Monte Carlo. 

Cutt  on Pixlc) 

Sincee the amount of data and Monte Carlo events failing the cut on the probability of the 5C 
kinematicc fit, P{y^c), is not entirely equal, the analysis was redone without this cut. The 
effectt on the resulting W mass is only 4 MeV. 

Overall,, the uncertainties in the modeling of the detector response lead to a systematic 
errorr on the W mass of 30 MeV. 

6.5.22 Signal and Background Modeling 

AA list of systematic errors assigned on m w due to uncertainties in the modeling of back
groundd and signal in the Monte Carlo is given in Table 6.2. 

WWW Non-four-quark Background Scale 

Thee decay of W-pairs to final states other than qqqq forms a background to the qqqq final 
state.. The W mass analysis was repeated scaling this background by an extreme value of 

,, and no effect was observed. 
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qqq Background Scale 

Ass explained in Chapter 5, the scale of the qq background, or rather its four-jet component, 
iss determined from data with 5% accuracy. In the W mass analysis presented here, it was 
scaledd by , and no effect on the W mass was observed. 

ZZZ Background Scale 

Thee second most important background to the W+W~ —> qqqq signal are ZZ events. The 
crosss section for this background can be calculated to an accuracy of 2%, and has been 
measuredd to be in agreement with the prediction with an accuracy of 20%. In this analysis, 
thee ZZ background was scaled by % and the W mass analysis was repeated. A W mass 
shiftt of only 1 MeV was observed. 

Four-Jett  Description in qq 

Ass explained in Chapter 5, the incomplete description by the PYTHIA Monte Carlo of four-
jett events in the QCD background can be taken into account by reweighting events, such 
thatt the yM distribution is corrected. This procedure was also applied in the mass analysis; 
thee shift of 7 MeV that was found was applied to the measured mass, and half of the shift is 
quotedd as a systematic error. 

ISRR Description in qq 

Ass explained in Chapter 5, PYTHIA does not describe the ISR photon spectrum well. Like 
inn the cross section analysis, this is taken into account by reweighting Monte Carlo events 
withh a high pT ISR photon such that the reweighted Monte Carlo and data agree in the ISR 
spectrum.. The W mass analysis was repeated, the shift of 6 MeV that was found was applied 
too the W mass and half of the shift is quoted as a systematic error. 

Four-Fermionn versus CC03 Reweighting 

Thee analysis was repeated by performing the mass reweighting with the full four-fermion 
matrixx element rather than a Breit-Wigner, and the resulting difference of 4 MeV is quoted 
ass a systematic error. 

ISRR Description in the Signal 

Ass explained in Chapter 2, a theoretical uncertainty remains in the description of ISR in the 
WWW signal: the full 0{a) corrections for off-shell WW production are not known. Instead, 
Montee Carlo programs like RacoonWW [33] and YFSWW3 [34] implement these correc
tionss in the double pole approximation. Repeating the analysis with a YFSWW3 sample as 
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6.5.. Results and Systematic Error Analysis 

Montee Carlo reference sample, rather than KORALW, leads to a difference in fitted W mass 
off —8  18 MeV. Since the DPA results are not yet the final word, and are estimated to lead 
too uncertainties of 10 MeV on the W mass [40], we take here 10 MeV as a systematic error. 

FSRR Description in the Signal 

Thee comparison between YFSWW3 and KORALW described above does not automatically 
includee uncertainties in the description of final state radiation in the Monte Carlo if there 
aree quarks involved. In this case JETSET takes care of the FSR as gluon radiation is also a 
possibility.. This uncertainty is therefore tested by removing all events with significant FSR 
fromm the Monte Carlo sample and repeating the analysis. Since this is of course unrealistic, 
onee third of the effect of 9 MeV is taken as a systematic error. 

Overall,, the uncertainties in the modeling of signal and background in the Monte Carlo 
leadd to a systematic error on the W mass of 12 MeV. 

6.5.33 Fragmentation 

Thee uncertainties on the mw measurement due to fragmentation are estimated by exchang
ingg the standard baseline Monte Carlo using JETSET for baseline Monte Carlo's using ARI
ADNEE or HERWIG, or by variation of the JETSET parameters around their tuned values. 
Thee tuning of these programs is described in Section 3.3.1. 

Withh ARIADNE, a shift in m w of +2  21 MeV is observed. With HERWIG, using the 
JETSETT particle decay tables, a shift of - 7  20 MeV is seen. When HERWIG is also used 
forr the description of the background, the observed shift is +8 MeV, but the statistical error 
increasess to 31 MeV. 

Ass an alternative to comparing different models, within the JETSET model the tuned 
parameterss ALLA» & and <?q were varied within their errors resulting from their tuning [46]. 
Thiss was done for all three parameters with a fast detector simulation [103], and for A, 
whichh gave the largest effect, with full Monte Carlo simulation as well. The mass analysis 
performedd on the output of the fast simulation is not completely identical to the one described 
here,, but is very similar, and also based on Monte Carlo event reweighting. Where tested, fast 
simulationn analysis and full analysis give consistent results [103]. It should be noted that in 
thiss fast detector simulation analysis, the baseline Monte Carlo sample was kept unchanged, 
butt the data sample of which the mass is extracted was exchanged for Monte Carlo samples 
withh fragmentation parameters varied. 

Thee results on the mass shift obtained with the fast simulation are given in Table 6.3. 
Thee three JETSET parameters were varied by 2 and 3 standard deviations; one standard 
deviationn equals 34 MeV for A, 34 MeV for aq, and 0.12 GeV-2 for b. The parameter A 
wass also varied by 3 standard deviations in a full simulation Monte Carlo sample, with 
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WW mass shift (MeV) 

-3a -3a 

-2a -2a 

+2a +2a 

+3a +3a 

Changee A 

+433  12 

+366  12 

-155 + 13 

-499  13 

Changee aq 

-144 + 15 

- 1 2 + 1 5 5 

- 6 + 1 5 5 

+10+15 5 

Changee b 

-499  15 

-233  15 

+ 6 + 1 5 5 

+133  15 

Tablee 6.3: Shifts in W mass, in MeV, for  and  changes in A, crq and b. 

thee following results for the mass shift: Am = -28 + 14 MeV for A + 3a, and Am = 
+799  15 MeV for A - 3a. These shifts are consistent with the fast simulation result. 

Ass mentioned in Section 3.3.1, the parameters were recently retuned for PYTHIA 6.1, 
whichh incorporates JETSET, with a larger sample of Z data events [82]. Although no Monte 
Carloo event samples were available yet at the time of writing of this thesis, it is interesting to 
lookk at the new tuning results. The new tuned parameters differ from the old parameters by 
0.33 to 1.3 (old) standard deviations, and have errors that are 2.0 to 2.5 times smaller. Thus, it 
seemss reasonable to take a 1 (old) standard deviation variation as an estimate for an error 
duee to fragmentation parameter variation, which gives 18 MeV for A, 3 MeV for aq, and 
99 MeV for b. 

Consideringg the results of the comparisons between JETSET, ARIADNE and HERWIG, 
andd the variation of the JETSET parameters, an error on m w due to uncertainties in the frag
mentationn and hadronization of 20 MeV is assigned. With the new version 6.1 of HERWIG, 
andd new parameter tunings in progress, one may expect this uncertainty to decrease in the 
finalfinal W mass analysis. 

6.5.44 Final State Interactions 

Finall state interactions, subdivided in Bose-Einstein correlations and color reconnection, are 
studiedd with a number of Monte Carlo models. 

Bose-Einsteinn Correlations 

Forr the study of the effects of Bose-Einstein correlations on the W mass analysis, the LUBOEI 
routinee as implemented in PYTHIA 6.1 is used, as discussed in Section 2.5.3. In this routine, 
particless (bosons) are reshuffled such as to reproduce phenomenologically the two-particle 
enhancementt at low Q for like-sign particles. In order to restore energy-momentum con
servation,, a reshuffling involving all particles, including the unlike-sign particles, has to be 
done,, and this can be done in various ways. In these studies reported here, the variants 
labeledd BEo and BE32 were used. It may be noted that, although neither are theoretically 
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6.5.. Results and Systematic Error Analysis 

Model l 

BEoall l 

BE322 all 

BE322 intra-W 

Shiftt in m w [ MeV] 

+711  16 

+511  14 

- 44 8 

Tablee 6.4: Observed shift in the measured mw» in MeV, with respect to a baseline Monte 
CarloCarlo without Bose-Einstein correlations, for various models. "All"  stands for correlations 
appliedapplied between all particles, and "intra-W" stands for correlations applied to particles 
fromfrom the same W only. 

satisfactory,, BEo should be considered particularly unrealistic. Both models have two free 
parameterss corresponding to the correlation strength and the source radius; these parameters 
havee been tuned by L3 to data, as discussed in Section 5.5.3. 

Thee Bose-Einstein correlation effects are studied with a fast detector simulation routine 
ass well as with a full simulation analysis. It should be noted that in the fast detector simu
lationn analysis, the baseline Monte Carlo sample was kept unchanged, but the data sample 
off which the mass is extracted was exchanged for a Monte Carlo sample with Bose-Einstein 
correlationss switched on. In the full analysis, however, the data sample is kept unchanged 
butt the baseline Monte Carlo is exchanged; this gives shifts with opposite signs. 

Withh the fast detector simulation, the following shifts were observed for BE0 and BE32 

withh parameters as given above: BE0: Am = -76  14 MeV, BE32: Am = -56  12 MeV, 
BE322 intra-W Bose-Einstein correlations only: Am = —6  12 MeV. For the full simula
tionn analysis, shifts in measured mw with respect to a Monte Carlo without Bose-Einstein 
correlationss are reported in Table 6.4. As expected, intra-W Bose-Einstein correlations give 
noo mass shift, whereas inter-W Bose-Einstein correlations give significant shifts for BEo as 
welll as BE32. 

Withh the fast simulation, the dependence of the mass shift on the parameters A = PARJ{92) 
andd R = PARJ(93) have been investigated for the BE32 model. The results are shown in 
Figg 6.6. In this study, the remaining JETSET parameters were not retuned when the Bose-
Einsteinn correlations parameters were changed, in contrast to the results given earlier in this 
section. . 

Bose-Einsteinn correlations in WW events have been studied by L3 in a dedicated study 
withh data taken at y/s = 189 GeV [49], as well as at higher energies [105, 50]. The conclu
sionss from these studies are that correlations are observed within the same W with a strength 
compatiblee with those observed in light-quark Z decays, but that correlations between dif
ferentt W's are not observed in the data, and that their implementation in BE32 is excluded, 
byy more than 4 standard deviations. In fact, similar studies of all four experiments are now 
consistentt and observe no signs of correlations between different W's [105]. 

Forr a further discussion of the implications of these results, see Section 5.5.3. Models 
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Figuree 6.6: Left: Shift in Wmass as a function of\ = PARJ(92) for the BE32 model. Right: 
shiftshift in W mass as a function of R = PARJ(93) in the BES2 model. 

off Bose-Einstein correlations based on the Lund string model intrinsically predict no Bose-
Einsteinn correlations between different W's [51, 52]. Incoherent Bose-Einstein correlations 
fromm the HBT effect [106] only give small mass shifts from inter-W correlations [50]. Fur
therr models, based on global event reweighting, give resulting mass shifts of typically less 
thann 10 MeV [53,54]. 

Givenn the results discussed above, we assign a systematic uncertainty on m-w due to 
Bose-Einsteinn correlations, of no more than 10 MeV. 

Colorr  Reconnection 

Forr the study of the effects of color reconnection, several models implemented in PYTHIA 
6.11 [56, 57] and ARIADNE [58, 59] are used. The effect of these models on the W mass 
wass studied with a fast detector simulation analysis as well as a full analysis of fully sim
ulatedd events. Again, it should be noted that in the fast detector simulation analysis, the 
baselinee Monte Carlo sample was kept unchanged, but the data sample of which the mass is 
extractedd was exchanged for a Monte Carlo sample with color reconnection switched on. In 
thee full analysis, however, the data sample is kept unchanged but the baseline Monte Carlo 
iss exchanged; this gives shifts with opposite signs. 

Thee SK I model as implemented in PYTHIA 6.1 has 1 free parameter K, as explained 
inn Section 2.5.4. This parameter effectively determines the fraction of events that are color 
reconnected.. This dependence of the fraction of reconnected events on K is y/s dependent; 
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Figuree 6.7: Left: fraction of reconnected events, freco, in the SKI model, at <fs = 189 GeV, 
withoutwithout application of event selection, as a function of'the free parameter n. Right: shift in W 
massmass as a function of the fraction of reconnected events, freco, at y/s = 189 GeV, determined 
withwith a fast detector simulation analysis. 

Figg 6.7(left) shows this dependence Sty/s= 189 GeV. The W mass shift as a function of the 
fractionn of reconnected events was studied with a fast detector simulation analysis, and the 
resultss are shown in Fig 6.7(right), and in Table 6.5. 

Thee SK I model was studied in the full analysis with a Monte Carlo sample with K = 0.6, 
ass recommended by the authors of the SK I model [56, 57]. The result is shown in Table 6.6. 
Thee mass shifts in the SK I model as a function of K have been studied by all four LEP 
experiments,, and are identical for all four [113]. 

Thee full analysis results with the SK II and SK H' models are also given in Table 6.6. The 
fastt simulation analysis gives for SK II (31.6% reconnected events): Am = - 9  12 MeV, 
andd for SK II' (28.4% reconnected events): Am = +8  13 MeV. The fast and full analysis 
resultss are consistent. 

Thee ARIADNE color reconnection models have been discussed in Section 2.5.4. AR 1 
allowss no color reconnection between different W's, and thus should not lead to a mass shift, 
upp to higher orders effects of changing the shape of jets. AR 3 is theoretically not attractive, 
ass it allows reconnection also for hard gluons. The full analysis results on the W mass shifts 
aree given in Table 6.6. As expected, AR 1 gives the smallest shift, and AR 3 the largest 
one.. It should be noted that no retuning of the ARIADNE parameters has been performed 
forr the individual models, although in principle that should be done since all models give an 
effectt even in Z data. All four LEP experiments have used the ARIADNE models to estimate 
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K K 

0.25 5 

0.6 6 

0.8 8 
1.2 2 

2.0 0 

3.0 0 

6.0 0 

1000. . 

/recoo (%) 

16.7 7 

31.8 8 

38.0 0 

47.5 5 

59.8 8 
68.6 6 

79.8 8 

98.4 4 

Amm (MeV) 

+311  15 

+433  15 

+577  15 

+744  16 

+1033  16 

+146+16 6 

+1922  16 

+2877  16 

Tablee 6.5: Shifts in W mass, Am, as a function of the free parameter K in the SKI model at 
1899 GeV, determined with a fast detector simulation analysis. Also given is the fraction of 
reconnectedreconnected events, freco, for each value ofn. 

Model l 

PYTHIAA SK I 

PYTHIAA SK II 

PYTHIAA SK II' 

ARIADNEE 1 

ARIADNEE 2 

ARIADNEE 3 

Shiftt in m w [ MeV] 

-544  17 

-311  18 

+111 + 16 
-333  23 

-1322  24 

-2033  23 

Tablee 6.6: Observed shift in the measured mw> in MeV, with respect to a baseline Monte 
CarloCarlo without color reconnection, for various models, as determined with the full analysis 
aty/s=aty/s= 189 GeV. 
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masss shifts. Thereby OPAL and L3 have found significantly larger shifts than ALEPH and 
DELPHI;; this is not understood. 

Sincee all ARIADNE models give effects in Z data, the Z data could be used to test 
thee ARIADNE models. This has up to now only been done by OPAL, with the result that 
thee effects of AR 2 and AR 3 seem to be quite similar, and that both are in significant 
disagreementt with the Z data [114]. 

Duee to an error in the color reconnection model of HERWIG 5.9, this model is not used. 
Wheree it has been used, effects were consistent with zero. 

Thee W+W~—+qqqq data has also been used to directly search for effects of color recon
nectionn [60]. The most sensitive way to study color reconnection has been found to compare 
thee energy and particle flow between jets from the same W, and between jets from differ
entt W's. These studies show a good sensitivity to the predictions of the SK I model, and 
thee W+W~—• qqqq data excludes very large reconnection probability but is not inconsistent 
withh the 30% of reconnected events predicted by the authors of the SK models, nor with zero. 
Similarr conclusions are reached when studying the charged particle multiplicity in qqqq and 
qq^i// events. Finally, the W mass extracted from the LEP2 data, all four experiments com
bined,, shows that the mass in qqqq and qqiv events differ by 9 4 MeV, which is consistent 
withh zero, and excludes very large amounts of color reconnection. 

Wee conclude that the AR 2 and AR 3 models as currently implemented do not describe 
LEP11 data, and that the AR 3 model is in addition theoretically strongly disfavored. The 
SKK models and AR 1 are, however, all still compatible with LEP2 data. The data excludes 
largee amounts of reconnection, but neither no reconnection nor a moderate amount of recon
nection,, corresponding to 30% of reconnected events in the SK I model, can be excluded. 
Therefore,, a systematic error on the W mass in the hadronic channel of 54 MeV is assigned 
duee to color reconnection. 

Combiningg the uncertainties of Bose-Einstein correlations and Color Reconnection, we 
arrivee at a total FSI uncertainty on the W mass of 55 MeV. 

6.5.55 LEP Energy Uncertainty 

Ass discussed in subsection 3.1.1, the exact energy of the LEP beam has an uncertainty of 
200 MeV at «fs = 189 GeV. This uncertainty enters the W mass analysis through the fact that 
energyy conservation is demanded in the constrained fit applied to the reconstructed events. 
Thiss constraint leads to the relation: 

Amww = A^( ( 6 9 ) 

wheree Eb is the LEP beam energy and AEb its uncertainty, and where Amw is the corre
spondingg uncertainty on the W mass. This uncertainty thus equals 17 MeV for the 189 GeV 
dataa sample. 
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Onee may wonder if accuracy could be gained by not demanding energy conservation in 
thee constrained fit. As explained in section 4.5, however, this leads to a dramatic worsening 
off event-by-event mass resolution, as well as increased dependence on uncertainties in the 
detectorr energy calibration. 

6.5.66 Summary 

Overall,, at 189 GeV, the systematic errors assigned on the W mass measurement in the 
qqqqq channel are as follows: 12 MeV due to uncertainty in the Monte Carlo modeling, 
300 MeV due to uncertainties in detector response, 20 MeV due to uncertainties in the Monte 
Carloo description of fragmentation, 55 MeV due to uncertainties in final state interconnection 
effects,, and 17 MeV due to LEP. Therefore, the final result obtained at 189 GeV is: 

m ww = 80.471  0.133 (stat)  0.038 (syst)  0.055 (FSI)  0.017 (LEP) GeV. (6.10) 

6.66 Combination 

Thee direct measurement of the W mass in the qqqq channel was also performed with the data 
takenn at ^ s = 172 and 183 GeV, with the following result [115]: 

m ww = 80.75 8 (stat) 7 (syst) 9 (FSI) 3 (LEP) GeV. (6.11) 

Inn that result, the systematic errors assigned for fragmentation and FSI uncertainties are 
largerr than those found in this thesis. For the FSI error this is largely due to a large error 
assignedd to Bose-Einstein correlation uncertainties, which are now considered to be small. 
Thee larger error due to fragmentation is due to a large JETSET-HERWIG difference; this 
differencee has been discussed in Section 6.5.3 and we consider 20 MeV to be a more accurate 
assessment. . 

Inn order to combine that result with the result found at y/s = 189 GeV, we take the 
systematicc error due to final state interconnections (FSI) to be 55 MeV, fully correlated be
tweenn the two data sets. A similar procedure is followed for the fragmentation uncertainty 
off 20 MeV and the ISR uncertainty of 10 MeV. The LEP beam energy error is only par
tiallyy correlated between years: 75% between 189 and 183 GeV, and 82% between 183 and 
1722 GeV. We assume here a correlation between the 189 GeV beam energy error and the 
errorr on the earlier result of 75%. 

Combiningg all qqqq data from 172 to 189 GeV, we obtain: 

m ww = 80.571  0.107 (stat)  0.034 (syst)  0.055 (FSI)  0.017 (LEP) GeV. (6.12) 
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