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Chapterr 7 

Theoryy comparison 

Thee measured differential 6-jet cross section, corrected for all detector effects and 
branchingg ratios can now be directly compared with theoretical predictions. For this 
comparisonn we use the next-to-leading order Standard Model calculation written by 
Mangano,, Nason and Ridolfi (MNR), as described in section 1.2, as well as the Pythia 
Montee Carlo simulation. We will compare two 6-jet cross sections with the theoretical 
predictions:: the first is the 6-jet cross section measured as a function of total 6-jet 
energyy E? PL  This measurement is done in three E^tpL bins to properly account for 
resolutionn effects of the jets and the uncertainty on the energy carried away by the 
leptons.. The second is the 6-jet cross section as a function of E3^tp (that is, without 
thee lepton correction), with the 6-quark decaying to a muon. 

7.11 Comparison of data and theory 

Ass has been explained in section 1.2, we compare the calculation of the next to leading 
orderr production rate of 6-jets, and not that of 6-quarks, with data, to minimize the 
sensitivityy to the effects of fragmentation. We can directly compare the output of the 
MNRR calculation with the measured data points shown in figure 6.25. The fact that 
somee particles of the 6-jet are produced out of the cone is accounted for by the particle 
imbalancee correction, described in section 4.1. 

Figuree 7.1 shows the result of the theory calculation, compared with the data points. 
Thee error bands on the theory prediction reflect the uncertainty due to the fragmenta-
tionn and factorization scales, and the mass of the 6-quark. The ratio between the data 
andd the theory ranges from 1.7 for the first point to 2.2 for the highest energy data 
point. . 
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Figuree 7.1: Comparison of the data to the theory. The solid line shows the result of 
thethe theoretical calculation, with the dotted lines showing the error on this calculation 
comingcoming from varying the b-quark mass and the factorization and renormalization scales. 
TheThe black points represent the measured data. 

7.1.11 x2 comparison of data and theory 

Wee now proceed to quantify the comparison between the data and theory by means of 
aa x2 comparison. The various sources of the errors on the data points are listed below. 

Ful l yy correlated uncertaint ies: 

 Integrated luminosity; 

 Level 1 muon trigger efficiency; 

 Muon reconstruction efficiency; 

 Jet Energy Scale; 

 Jet energy resolution unfolding and lepton correction. 
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Partial l yy correlated uncertaint ies: 

 jB-content measurement. This is a fitted function of two parameters, which re-
sultss in a partial correlation between the three data points. It also includes the 
systematicc error resulting from the use of different background templates. 

 Level 1 jet trigger efficiency. This trigger becomes fully efficient above 40 GeV, 
andd only contributes to the error below 40 GeV; 

 Jet identification efficiency. This efficiency reaches 100% above 40 GeV, and only 
contributess to the error below that energy 

Full yy uncorrelated uncertaint ies: 

 Statistical errors. 

Thee cross section values and uncertainties are listed in table 7.1. We calculate the 

XX22 by: 

XX22 = DTV~lD (7.1) 

wheree D is the vector of differences between the data points and the theory, and V 
iss the covariance matrix of the points. To calculate this covariance matrix that takes 
intoo account all sources of errors as they are listed above, we add all the covariance 
matricess that we derive from each error separately, as listed in table 7.2, which also 
showss the final covariance matrix. For the fully uncorrelated uncertainty, namely the 
statisticall  error, the error matrix is a simple diagonal matrix, with the square of the 
statisticall  error on the diagonal and all off-diagonal elements set to zero. For the fully 
andd partially correlated uncertainties, except for the 6-content uncertainty, we use 
thee following procedure. We first calculate the nominal 6-jet cross section, using the 
nominall  value of each error source listed above. Then, for each error source separately 
wee vary the error, and calculate the 6-jet cross section with the new value of the error 
source.. The difference of this new 6-jet cross section with the nominal 6-jet cross section 

I?JetpL I?JetpL 

(GeV) ) 

35.9 9 

64.1 1 

99.6 6 

da da 

dEdE}}rr,pL ,pL 

(nb/GeV) ) 

5.44 4 

0.28 8 

0.035 5 

Statistical l 

uncertaintyy (%) 

1.5 5 

2.3 3 

4.2 2 

Fullyy corr. 

uncertaintyy (%) 

45.5 5 

22.6 6 

24.2 2 

Part.. corr. 

uncertaintyy {%) 

16.7 7 

22.3 3 

31.8 8 

Tablee 7.1: Cross section values and uncertainties. 
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Errorr source 

Lumi. . 

Muonn Trig. 

Muonn Reco. 

JES S 

Unfolding g 

B-jett cont. 

Jett Trig. 
Jett ID 

Stat t 

Total l 

vvm m 
4.98-10"1 1 

2.51-10"1 1 

1.38-10"1 1 

5.23 3 

2.21-10"1 1 

6.59-10"1 1 

1.83-10"2 2 

1.51-10-1 1 

6.57-10~3 3 

7.17 7 

Voi i 

2.51-nr2 2 

1.27-100 2 

6.99-100 3 

9.09-10"2 2 

3.95-10"3 3 

8.88-10-3 3 

4.56-10-4 4 

6.00-HT3 3 

0 0 

1.55-10̂  ^ 

V02 V02 

3.10-10-3 3 
1.54-100 3 

8.55-10-4 4 

1.32-10-2 2 

1.12-10-3 3 

9.83-10"4 4 

0 0 

0 0 

0 0 

2.07-100 2 

VVu u 

1.27 7 

6.43 3 

3.53 3 

1.58 8 

7.06 6 

3.76 6 

1.14 4 

2.39 9 

3.99 9 

7.96 6 

10-3 3 

100 4 

100 4 

10-3 3 

100 5 

10-3 3 

io-5 5 

100 4 

10~5 5 

10~3 3 

Via a 
1.57-10"4 4 

7.82-10-5 5 

4.32-10-5 5 

2.27-10-4 4 

3.77-10"5 5 

8.66-10"5 5 

0 0 

0 0 

0 0 

6.29-10"4 4 

v22 2 
1.93-10"5 5 

9.51-10-6 6 

5.29-10"6 6 

3.26-10-5 5 

4.80-10-6 6 

1.24-10"4 4 

0 0 

0 0 

2.14-10-6 6 

1.98-10-4 4 

Tablee 7.2: Contributions to the cova.ria.nce matrix from different error sources. 

forr each point can then be taken as the error on that point, resulting from that error 
source.. For the 6-content correlation matrix we have to follow a more complicated 
algorithmm using an iterative procedure, which is explained in detail in appendix B. 

7.22 Covariance matrix and result 

Invertingg the covariance matrix shown in table 7.2 results in the following matrix: 

// 0.272 

v-'v-'  = -4.069 9 

-15.49 9 

-4.0699 -15.49 \ 

228.77 -303.0 

-303.00 7647 ; 

Applyingg this matrix to the central value and uncertainty bands shown in figure 7.1, 
usingg equation 7.1, yields the \2 values. In table 7.3 we quote xVndf, which is the 
XX22 per degree of freedom. The number of degrees of freedom is actually equal to the 
numberr of data points, since we do not fit a function with free parameters to the data 
points.. The confidence level represents the probability that a random repeat of this 
experimentt results in a larger \2 [59]. However, this x2 '1S blind to the distribution 
off  the points around the theoretical prediction, and assumes a random distribution of 
pointss above and below the theoretical curve. In the case under consideration, all data 
pointss lie above the theoretical curve. To quote a confidence level for a set of points 
thatt are all on one side of the curve, we use a simple Monte Carlo model. In this model, 
wee do a large number of experiments in which we generate simulated data points based 
onn the theoretical curve and the errors on the data points, taking into account all 

http://cova.ria.nce
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Upperr prediction 

Centrall  prediction 

Lowerr prediction 

X2/ndf f 

0.61 1 

1.31 1 

1.94 4 

Confidencee level (%) 

60.6 6 

26.9 9 

12.1 1 

Confidencee level 
(onee side) (%) 

33.5 5 

15.0 0 

6.80 0 

Tablee 7.3: Results of the Y 2 Per degree of freedom comparison between the measured 
datadata points and the theoretical calculation, for the b-jet cross section as function of 
fijetpLfijetpL rjpne confidence levels quoted in the last column are calculated for a collection 
ofof data points that are all on one side of the theoretical curve. 

correlationss between the data points. For each such experiment, we calculate the \ 2 

andd compare it to the original \ 2 of the comparison of the data to the theory. The 
relativee number of experiments that have a larger v2 than the \ 2 °f the data is equal 
too the confidence level quoted above. To now measure the confidence level for the 
situationn in which all data points are on one side of the theoretical curve, we count the 
relativee number of experiments that have a larger Y 2 than the \ 2 of the data, and have 
alll  generated points on one side (above or below) of the theoretical curve. This then 
givess the confidence level that the data points, as currently measured, are compatible 
withh the theory. 

Clearly,, the data points favor the upper band of the theory, but they do not disagree 
withh the central prediction of the theory. The shape of the theoretical prediction 
resembless the shape of the data, though it seems that the data becomes higher than 
thee theory at higher values of E^tp

Wee can also compare the data results with the prediction of Pythia [60]. For 
this,, we run Pythia in the mode that takes into account the next-to-leading order b-
producingg processes, and extract the 6-jet cross section. This results in figure 7.2. The 
v22 comparison between the data and Pythia, using the same covariance matrix, results 
inn v2/ndf = 0.56 corresponding to a confidence level of 64.1%, or for a collection of 
dataa points all on one side of the theoretical curve, a confidence level of 35.3%. 

7.33 Further investigation of experimental errors 

Givenn the fact that all three data points are higher than the theoretical prediction, the 
questionn arises if one of the fully correlated errors can be the source of this systematic 
shift.. The fully correlated error with the biggest effect on the measurement is the Jet 
Energyy Scale. The error on this scale is approximately 7%, and it shifts the data points 
alongg the horizontal axis in a fully correlated fashion. It is interesting to investigate 
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Figuree 7.2: Comparison of the data to the cross section as predicted by the Pythia 
MonteMonte Carlo simulation. 

byy how much we have to change the nominal Jet Energy Scale to shift the data points 
soo that they lie around the central prediction of the theory, as shown by the solid line 
inn figure 7.1. For this we fit the data points to the central prediction of the theory by 
changingg the horizontal position of the data points in a coherent fashion. This results 
inn a shift of 14.3%, or 2.0a for an error on the Jet Energy Scale of 7%. Therefore, even 
aa relatively small change on the Jet Energy Scale can cause the data points to all lie 
onn one side of the theoretical distribution. 

7.44 Comparison to the uncorrected 6-jet cross sec-
tion n 

AA large experimental uncertainty has been introduced by the correction of the energy 
forr the muon and neutrino in the jet. Since we have also measured the 6-jet cross section 
ass a function of EjT P , with the 6-quark decaying to a muon, we can compare this to 
thee theoretical prediction. The black points in figure 7.3 show this 6-jet cross section. 
Thee curves show the prediction as calculated by the MNR program, modified for the 
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energyy carried away by the muon and neutrino, and for the b —> /j + v branching ratio. 
Too obtain this modified MNR prediction, we weigh each Pythia event, in which the 
6-quarkk decays to a muon and we have subtracted the muon and neutrino energy from 
thee jet energy, by the ratio of the original MNR prediction and the Pythia prediction of 
thee full 6-jet cross section. We then fil l a histogram using the particle jet E^tp with its 
correspondingg weight. The resulting distribution then corresponds to the MNR cross 
sectionn without the muon and neutrino contribution. The dotted lines correspond to 
thee theoretical error on the theoretical prediction, which are derived according to the 
samee method. 

Forr this comparison, we derive the covariance matrix (as shown below) and calculate 
thee x2 as w e have done above. This results in the \2 values as shown in table 7.4. Again, 
thee measurement favors the upper band of the theory. 

Upperr prediction 

Centrall  prediction 

Lowerr prediction 

X 2/ndf f 

0.80 0 

1.28 8 

1.68 8 

Confidencee level (%) 

57.2 2 

26.2 2 

11.9 9 

Confidencee level 

(onee side) (%) 

21.5 5 

10.6 6 

5.27 7 

Tablee 7.4: Results of \ 2 comparison between the measured data points and the theo-
reticalretical calculation, for the b-jet cross section as function of E^tp. The confidence levels 
quotedquoted in the last column are calculated for a collection of data points that are all on 
oneone side of the theoretical curve. 

80.78 8 

4.0466 • 102 

-79.67 7 

-16.84 4 

3.2955 • 102 

9.0666 • 102 

-4.046 6 

3.797 7 

-2.916 6 

-2.311 1 

-6.529 9 

-1.382 2 

102 2 

103 3 

103 3 

103 3 

103 3 

104 4 

-79.67 7 

-2.9166 -103 

2.8511 • 104 

-9.9422 • 103 

-1.552-104 4 

-4.0899 • 104 

-16.84 4 

-2.3111 103 

-9.9422 - 103 

9.527-104 4 

-2.818-- 104 

-7.6599 • 104 

-3.295 5 

-6.529 9 

-1.552 2 

-2.818 8 

4.907 7 

-1.389 9 

102 2 

103 3 

104 4 

104 4 

106 6 

106 6 

-9.066 6 

-1.382 2 

-4.089 9 

-7.659 9 

-1.389 9 

3.688 8 

102 2 

104 4 

104 4 

104 4 

106 6 

106 6 
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Figuree 7.3: Comparison of the data to the b-jet cross section with the b-quark decaying 
toto a muon, as predicted by MNR and scaled by Pythia. The data points are the same 
asas shown in figure 6.18 
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7.55 Comparison to Run I results 

Thee measurement presented in this analysis, which uses one of the first samples taken 
withh the D 0 detector during the start of Run II, shows the 6-jet cross section to be 
higherr than the theoretical calculations. This confirms earlier measurements where the 
dataa points prefer the upper band of the theory. D 0 measured the 6-jet cross section 
inn Run I, which is shown in figure 7.5 [61]. The analysis used to derive this result is 
similarr to the one described in this thesis1, except that it used a different method to 
handlee the lepton corrections, which ignored the purities in the different bins. This 
resultedd in more data points, but which are not uncorrelated. CDF made a comparison 
betweenn the data and the theory in Run I, using B-mesons [62], where the 6-mesons are 
reconstructedd using the B  —> J/ipK  and B° —> J/il>K*°(892) decay channels. This 
resultss in figure 7.5. This analysis is different from the one presented in this analysis, 
butt does show a similar trend in which the data is measured higher than the theoretical 
prediction. . 

7.66 Conclusions 

Inn this analysis the measurement of the differential 6-jet cross section has been presented 
andd compared with theoretical predictions. First, the total 6-jet cross section, fully 
correctedd for all detector effects and lepton contributions is compared to the next-
to-leadingg order calculation by Mangano, Nason and Ridolfi. The comparison to the 
centrall value of this prediction results in xV n d f = 1.31, with a confidence level of 
15.0%.. This means that the data is not incompatible with the theoretical prediction. 
Thee upper error band of the theory gives a better fit to the data points, with a \ 2 

off 0.61 and a confidence level of 33.5%. This confirms earlier measurements done by 
D 00 and CDF during Run I, which also showed the data to prefer the upper error band 
off the theory. 

^ o t e ,, that the Run I measurement has been measured with \t] jet\ < 1- Also, due to a different 
implementationn of counting 6-jets, the Run I measurement is a factor 2 lower than the cross section 
measuredd in this analysis. 
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Figuree 7.4: Run II measurement of the b-jet cross section, as derived in this analysis. 
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Figuree 7.5: The left plot shows the b-jet cross section measured by D0 in Run I, with 
thethe data represented by the black dots, and the theory represented by the solid line. 
TheThe dotted lines represent the errors on the the theoretical calculation. The right 
plotplot shows the average B meson differential cross section measured by CDF in Run I, 
comparedcompared to the theoretical calculation with errors. 
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7.77 Outlook 

Thee data sample used in this analysis has been taken during the early days of a suc
cessfullyy operating D0 detector. Currently, both the accelerator and the detector have 
beenn much improved. The peak luminosity delivered by the accelerator has been in
creasedd to 4.0-1031 cm_2s_1 , allowing the total data sample taken by D0 to increase 
too 120 pb_1. The D0 detector itself has improved its trigger system over time. The 
Levell 1 muon trigger now uses tracks found by the CTT to match to scintillator hits, 
whilee the calorimeter trigger extends out to an \r]\  range of 3.2, allowing a greater re
gionn of phase space in which the 6-jet cross section can be measured. The Level 2 and 
Levell 3 triggers are now fully implemented and functional, which results in a better 
selectionn of /i+jet events, at higher rates. 

Offline,, the reconstruction program has improved significantly. Especially the re
constructionn of central tracks has improved such that local muon tracks can be matched 
withh central tracks to get an enhanced measurement of the kinematic properties of the 
muon.. Additionally, progress has been made on the understanding of the jet energy 
resolutionn and energy scales, which are the dominant errors in this analysis. This un
derstandingg decreases the errors on the measured data points, and also allows a more 
detailedd study of the data, and the comparison to the theory. To quantify this, we 
cann estimate the improvement on each error source listed in section 7.1.1. We can 
basee this estimation on the Run I values of the errors as they were used for the mea
surementt of the 6-jet cross section at the end of the run, when the detector was well 
understoodd [56]. The estimated new errors are summarized in table 7.6. If we assume 
thee data points to remain at the measured values, we can calculate a new covariance 
matrixx that can be used to recalculate the \2 between the measured data points and 
thee theoretical prediction. This would result in the \2 values per degree of freedom 
ass listed in table 7.5. From these values we can conclude that a subsequent measure
mentt of the 6-jet cross section could show a significant discrepancy between the data 
andd the theoretical predictions, which would indicate a need for improved theoretical 
calculationss or possibly hints of new physics. 
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Upperr prediction 

Centrall prediction 

Lowerr prediction 

X2/ndf f 

1.97 7 

3.87 7 

5.7 7 

Confidencee level (%) 

11.6 6 

0.889 9 

7.6-- 10-2 

Confidencee level 

(onee side) (%) 

6.55 5 

0.520 0 

4.20-- 10-2 

Tablee 7.5: Results of \2 comparison between the measured data points, with errors 
projectedprojected to be significantly reduced based on Run I, and the theoretical calculation, 
forfor the b-jet cross section as function of Ej PL. 

Errorr source 

Statisticall error 

Luminosity y 

Triggers s 

Reconstruction n 

Jett Energy Scale 

Jett energy resolution 

andd lepton correction 

B-content t 

Totall systematic error 

Runn I (%) 

3-6 6 

5 5 

2.25 5 

3.6 6 

10 0 

9 9 

5-30 0 

1 6 - 3 4 4 

Currentt analysis (%) 

2-4 4 

10 0 

9 9 

6 6 

100 40 

11 1 

15-32 2 

322 - 4 8 

Estimatedd Run II (%) 

0.5 5 

5 5 

2.25 5 

3.6 6 

10 0 

5 5 

55 30 

1 4 - 3 3 3 

Tablee 7.6: Estimated errors for a subsequent measurement of the b-jet cross section, 
usingusing a larger data set and an improved detector, compared to the errors used in this 
analysis.analysis. The Run I values on which these estimates are based are also shown. 


