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Chapterr 6 

B-jett cross section 

Inn pp collisions, the 6-jets are produced with a transverse momentum that follows a cer-
tainn underlying distribution. In the experiment the goal is to measure this distribution. 
However,, it cannot be measured directly due to contamination from background events 
andd physics effects like the 6 —  fi + v decay, in which the neutrino carries energy away 
fromm the jet. Detector resolution and acceptance effects also distort the distribution. 
Too measure the true distribution with which the 6-jets are produced, we correct for 
thesee effects in this chapter. 

6.11 Measurement strategy 

Inn chapter 5, we have measured the A*+Jet cross section as a function of calorimeter jet 
EETT,, corrected for the Jet Energy Scale, without the muon and neutrino energies but 
withh the energy deposit of the muon in the calorimeter subtracted (see section 5.1). 
Wee call this jet energy E^tcai (see figure 5.7). We wil l use this cross section for 
twoo purposes. The first is the calculation of the fi+jet cross section as a function of 
thee true particle level jet energy without the muon and neutrino energy, E3^ p. This 
distributionn is convoluted with the calorimeter resolution and the kinematic acceptance 
off  the detector: 

a ^ + MM  = BcaI{E^P) K{EpP) da  ̂ + jet) 

dEdE33
TT

etCaletCal dE3
T

etp 

wheree RCal(E^tF) represents the calorimeter smearing and K(E3^tp) is the kinematic 
acceptancee of the detector. Correcting for these effects is done by using an unfolding 
proceduree which corrects for the calorimeter resolution, in addition to a kinematic 
acceptancee correction. 

Thee second use of this initial //+jet cross section is to extract the 6-jet cross section. 
Thee measurement of the 6-jet content is done using a variable called P^\ which is the 
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momentumm of the muon relative to the combined /x+jet axis, and results in a fractional 
6-jett content as a function of E^tcal: Z(E}

T
etCal). Applying this fractional 6-jet content 

too the measured /x+jet cross section (as function of E^tCal) yields the 6-jet cross section, 
measuredd as a function of E^tCal, which we call B(E^tcal): 

Thiss distribution B(E^ Cal) again forms the basis from which we extract two underlying 
distributions. . 

Thee first distribution is the 6-jet cross section as a function of the particle level 
energyy (E^tp), without the energy of the muon and neutrino, and with the 6-quark 
decayingg to a muon. We call this distribution G(E^tp): 

G(EG(Ejetpjetp)) = d<J(b "*  ^ 
dE'dE'et et (6.3) ) 

T T 

Thiss distribution is convoluted with the kinematic acceptance of the detector K(E^tp) 
andd the resolution of the calorimeter RCal(E^tp) to result in the measured 6-jet cross 
section: : 

B(EB(EJJ
TT

etcaetca')') = RCal{E^tp) ® K(EJ
T

etp) 0 G{E3
T

etp) (6.4) 

Too correct the measured 6-jet cross section for the calorimeter resolution RCal(E%rtp), 
wee follow an unfolding procedure, which results in a correction function Cfi(Eptc" !). 
Wee correct for the effects of the kinematic acceptance K(E^tp) by a correction function 
CK{ECK{E33TT P ) , which is extracted from the Monte Carlo simulation. 

Thee second distribution is the differential 6-jet cross section F(E3^tpL), with no 
constraintt on the decay of the 6-quark and measured as a function of the total 6-jet 
energy,, EJ

T
etpL: 

nnEE^)=-r^r^)=-r^r LL  (6.5) 
d£; ; T T 

Thiss energy includes the muon and neutrino energy. In addition to the two corrections 
describedd above to measure G(E^tp), we now have to apply two extra corrections to 
correctt for the energy of the muon and the neutrino. First, we have the 6 —» LI + u 
branchingg ratio, T(b —> LI) . This is an overall scale factor, independent of the jet energy. 
Then,, we have to correct for the energy of the muon and neutrino, which changes the 
jett energy. Unlike all the previous effects, this effect, Lb^fi+l/ (E^tp), directly changes 
thee horizontal scale of the cross section. It also includes a resolution effect, due to the 
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varyingg energy of the muon and neutrino. We can express the measured cross section 

B(E^B(E^tCaltCal)) in terms of these effects: 

B{EB{E33
TT

etcaletcal)) = RCal{EJ
T

etp) ® Lb^+u{E3
T

etpL) ® 

K(EK(EJJ
TT

etpLetpL)) ® T(b-+fji) <g> F(£ fe t p L) (6.6) 

Thus,, to measure F(E^tpL) we have to apply corrections to B(E^tcal) for these effects. 
Too correct for the b —> \i + v branching ratio, we use the function CT(b —> (J.), which is 
exactlyy the inverse of T(b —> /i) . The kinematic acceptance is corrected for by a correc-
tionn function CK(E3^tpL), which is extracted from the Monte Carlo simulation. For the 
scalee effect of thee lepton correction, we calculate a correction function S(EfitCal), which 
scaless the cross section to the appropriate energy scale, namely E^ PL  We combine 
thee remaining resolution effect of Lb^+"{E3

T
etp) with the resolution effect RCal(EJ

T
etp) 

off  the calorimeter, and correct for both by the function CRL{E3^ipL). Due to the ad-
ditionall  smearing on the jet energy, coming from the uncertainty on the energy of the 
muonn and neutrino, the cross section measured as a function of E3^ PL wil l require 
biggerr bin sizes than the ones used for the //+jet and B(E3ftp) cross sections. 

Summarizing,, the following distributions wil l be measured in this chapter: 

 The /i+jet cross section as a function of E3^ p; 

 The ö-jet fraction of the jit+jet cross section, as a function of E3^ Cal; 

 The 6-jet cross section as a function of E^tp, with the 6-quark decaying to a muon, 
whichh can be compared to the theoretical prediction, if the latter is corrected for 
thee energy loss of the muon and the neutrino, and the b —> (i-\-u branching ratio; 

 The 6-jet cross section as a function of the total 6-jet energy E^tpL, which can 
bee directly compared with the theoretical predictions. 

6.22 Unfolding the jx+jet cross section 

Too extract the /x+jet cross section as a function of the true particle energy of the jet 
fromm the cross section —f° we have to remove the effect of the finite resolution with 

whichh the calorimeter measures the jet energy. We start with an ansatz function for 
thee /i+jet cross section with 3 free parameters, of the form: 

H(EH(ETT,, a, /?, 7) = ccE  ̂ (l - f - Ü ET) (6.7) 

wheree ET is the true energy of the jet, a, j3 and 7 are free parameters, and yfs is the 
centerr of mass energy. The shape of this function is based on Monte Carlo trials, and 
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hass also been used in the Run I analysis [56], It is schematically displayed in figure 6.1a. 
Wee fold each point on this distribution with a gaussian shape, with the width of the 
gaussiann corresponding to the jet energy resolution, as discussed in section 4.1. The 
resultingg "smeared ansatz" distribution is a function of the parameters a,0 and 7. In 
aa x2 minimization procedure we vary a. 3 and -7 such that the resulting distribution 
describess the data, with the \2 defined as: 

X**  = f ( ^ ) 2 (6.8) 

wheree A, is the difference between the data and the smeared ansatz for data point z', 
andd e, is the error on data point i (see figure 6.1b). The errors on the parameters of the 
jett energy resolution are analytically propagated to the resolution function using the 
fulll  covariance matrix (see appendix A) , and the error on the unfolded cross section 
resultingg from this uncertainty is estimated by varying the resolution function within 
thee errors. Figure 6.2 shows the result of this unfolding procédure, where the solid 
curvee is the ansatz function, and the dotted curve the smeared ansatz function. The 
parameterss of the ansatz function are listed in table 6.1. The smeared ansatz function 
showss good agreement with the data points. The fact that the ratio of the smeared 
ansatzz function (dashed curve) and the ansatz function itself (solid curve) is greater 
thann one over the entire E^etr"'  range can be understood by Gaussian smearing of each 
binn in the ansatz function. Since the cross section drops rapidly with increasing E^tca', 
moree events migrate from low energy bins to higher energy bins than there are events 
thatt migrate from higher energy bins to lower energy bins. Shown in figure 6.3 is the 
ratioo l/Cv{E

3
1
etcal) between the smeared ansatz and the ansatz function itself, with 

thee dashed lines representing the errors resulting from varying the jet energy resolution 
errors. . 

Thee measured cross section is now updated according to this ratio, according to: 

dl^^d^^ (6'9> 

Thee relative error on Cv{E^tCal) is added in quadrature to the previously calculated 
systematicc errors of the cross section. 
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Figuree 6.1: Schematic view of the procedure used to unfold the ft+jet cross section. 
FigureFigure a shows the ansatz function H as function of E3

T
 p, which is smeared according 

toto the jet resolution to get the distribution as function of E3^ Ca', which is then fitted 
toto the measured data points. 

6.33 Kinematic acceptance corrections 

Wee measure the cross section in the kinematic region with p  ̂ > 6 GeV/c, |r;M| < 0.8 
andd \r)jet\ < 0.6. The reconstructed kinematic properties of the muons and jets are 
smearedd around their true values, which cause fluctuations of events in and out of the 
kinematicc region in which the cross section is measured. Therefore, the unfolded cross 
sectionn needs an additional correction for the effects of these cuts. We investigate this 
effectt using the QCD Monte Carlo simulation, in which we select particle jets with an 
associatedd muon with 6R < 0.7. Two distributions are extracted, both as function 
off  the transverse particle jet energy, E^'p. The first distribution is the number of 
eventss in each Eir

etp bin that passes the kinematic acceptance cuts, using the Monte 
Carloo true values of the jet and the muon. For the second distribution, we smear the 
kinematicc properties of the muons and jets, except for the jet energy, according to the 
measuredd resolutions in the data, and count the number of events in each E^ p bin 
thatt pass the kinematic acceptance cuts using the smeared kinematic properties of the 

Parameter r 

Q Q 

P P 
7 7 

Value e 

3.06-1044  1.05  103 

-3.099  1.60-10"2 

15.22  8.24 -10~2 

Tablee 6.1: Finai parameters used in the ansatz function to minimize the difference 

betweenbetween the smeared ansatz function and the measured data points. 
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Figuree 6.2: Comparison of the smeared ansatz function, represented by the dashed line, 
withwith the data points. Also shown by the solid line is the underlying ansatz function 
whichwhich generates the smeared ansatz function through the jet energy resolution. 
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Figuree 6.3: Ratio between the smeared ansatz and the ansatz function. The grey band 
representsrepresents the error on this ratio. 
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Figuree 6.4: Kinematic acceptance correction to account for the effect of smearing the 
kinematickinematic properties of the muon and jet on the cross section. 

jett and the muon. Dividing the first histogram by the second results in the correction 
factorr CK{E3rpetp) that we have to apply to the measured cross section. This factor is 
independentt of E^tp and close to one , as can be seen in figure 6.4. This 
iss clearly a small effect, and does not have much relevance for the measurement of the 
crosss section. 

Correctingg the measured cross section for the unfolding and the kinematic accep-
tancee results in the differential /x+jet cross section as a function of particle jet ET, or 
E^E^tptp,, without the muon and neutrino energy, as is shown in figure 6.5. Also shown 
iss the Pythia prediction for £t+jet events. Note, that for the further calculation of the 
6-jett cross section, we will not use this result, but rather the /U+jet cross section as 
measuredd in chapter 5. 

6.44 Extraction of the 6-jet component 

Too extract the 6-jet component Z(E^ Ca') from the ^+jet sample we use the properties 
off  the muon with respect to the jet to identify direct b —> /j, decays. Background 
processess are c  ̂ \i decays, ir/K —> \i decays and r —> [i  decays. The cross section for 
W/ZW/Z —*  n decays is so small compared to the 6-jet cross section that these decays can 
bee neglected. A good discriminant between these production processes is the quantity 
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Figuree 6.5: Differential fX+jet cross section as function of partiele jet ET, without 
muonmuon and neutrino corrections. The black curve represents the Pythia prediction for 
thisthis cross section. 

nRel nRel 
r TT i 

whichh is explained in detail below. 

6.4.1 1 r>Rel r>Rel Taggingg variable 

Thee P^el tagging variable is defined as the transverse momentum of the muon with 
respectt to the combined axis of the muon and jet (see figure 6.6). It is measured using 
thee jet direction and energy, and the muon direction and momentum. The variable is 
basedd on the decay of the quark in the jet: in the rest system of the meson or hadron 
thatt contains the 6-quark, the muon gets a significant momentum due to the mass 
differencee of the 6-quark and its decay products. This momentum is lower when a 
c-- or light quark decays, because the mass difference between those quarks and their 
decayy products is lower. If the whole system is boosted along the quark momentum 
axis,, the P^el variable is a measure of the transverse boost of the muon with respect 
too the quark momentum axis. The discriminating power of this variable is shown in 
figurefigure 6.7, which shows the P^d of the muon from different decays on the Monte Carlo 
truee level. Already on this level, it can be seen that ir/K —> /u decays, c —> \i decays 
andd b —> c —> \i decays are practically indistinguishable. The detector resolution of 
thee muon momentum and direction measurement and the jet energy and direction 
measurementt wil l make the difference between the distributions even less, resulting in 
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Figuree 6.6: The definition of the P-pel variable. The muon direction and momentum 
areare indicated by P^, the jet direction and energy by Pjet. Adding these two vectors 
resultsresults in the combined fi+jet axis, indicated by the dashed line. The P^el of the muon 
isis now the transverse momentum of the muon with respect to this axis. 

ann inability to separate these decays. 
Therefore,, we divide the sample in two parts: b —> fi and non-& —» /j,, where the 

non-&&  —> /J, includes the cascade decay b —> c —» u. The resulting P^el distributions in 
thee two samples are used for the extraction of the 6-jet content, and are referred to as 
templates. . 

Figuree 6.8 shows the P^el distribution measured in the data, with the following 
cuts: : 

• • 

• • 

• • 

EEJJ
TT

etcetc'"'"  > 20 GeV; 

\rf>\rf> eteto°i\o°i\ < 0.6; 

V%V% > 6 GeV/c; 

\rf\\rf\  < 0.8; 

•• 6R(jetcoi, A*) < 0.7. 

Too measure the 6-jet content of the data, we need templates that describe the shape of 
thee Pftel variable in background events and signal events. These templates are in part 
extractedd from the Monte Carlo simulation, as explained in detail in the next sections. 

Smearingg of Mont e Carl o templates 

Ass was shown in chapter 4, the resolution with which the Monte Carlo simulation 
measuress the kinematic properties of reconstructed muons and jets is underestimated 
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Figuree 6.7: Pfiel templates at the Monte Carlo parton level. The templates are nor-

malizedmalized to one. 

comparedd to the resolutions in data. To be able to use the P^d shape that is extracted 
fromm the Monte Carlo simulation to measure the fr-jet content in the data, we have to 
accountt for this deficiency, and apply smearing corrections to the kinematic properties 
off the muons and jets we extract from the Monte Carlo events. For the jets, we only 
needd to smear the transverse energy since the rj  and <j>  directions are measured with 
comparablee resolution in the Monte Carlo simulation as in the data (see section 4.1). 
Thee transverse energy of the jets is smeared according to the results of section 4.1. For 
thee reconstructed muons in the Monte Carlo simulation we smear the PT,V and <f>  of 
thee muons, as they were derived in section 4.2.5. 

Ext rac t io nn of the signal P^1 template 

Thee shape of the P^el distribution for b —> fi decays is obtained with a Monte Carlo 
samplee of 0.5 million bb events, with no initial constraints on the decay of the b-
quarks.. From this sample, events are selected that contain a reconstructed jet and a 
reconstructedd muon, with a 6R separation between the jet and the muon of less than 
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Figuree 6.8: Distribution of the P? variable in the data sample. 

0.7.. Also, the muon is matched with a muon from the Monte Carlo t ruth information 
withinn a cone of 6R < 0.3 and is required to be a direct decay product of the parent 
6-quark.. The kinematic properties of the muons and jets are then smeared as explained 
previously,, and the same cuts are applied as listed above, resulting in the Pfiel template 
illustratedd by the open circles in figure 6.9. 

Thee bb events are generated in Pythia using the direct bb production process, which 
usess the leading order matrix elements for massive quarks, but which does not include 
processess like flavor excitation and gluon splitting. Especially the latter might impact 
thee shape of the P^el distribution, due to the possibility of two heavy quarks present 
inn the same jet. This effect is investigated by running the Pythia simulator in a 
genericc QCD mode that includes the flavor excitation and gluon splitting processes. 
Fromm the generated events the 6-producing events are then extracted. We now look 
att the difference in the resulting Pftel shape for the b —> /j decays in both the,direct 
bbbb production and the b —> a decays extracted from the QCD generation mode. We 
splitt the templates in two E^et ranges, E3^1 < 35 GeV and E^1 > 35 GeV, to account 
forr the fact that high ET jets are more likely to contain two &-quarks (see figure 1.8). 
Thee resulting templates are shown in figure 6.10. For both ET ranges, no significant 
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Figuree 6.9: P^el templates extracted from reconstructed MC information. The black 
circlescircles show the P^el distribution of the background template, the open circles show 
thethe signal template. Both templates are normalized to one. 

differencee is visible between the P^d templates from QCD and 66 production. Since we 
havee higher statistics in the sample extracted from direct bb production, we use that 
forr further analysis1. 

Ext rac t io nn of th e background P^1 template 

Thee biggest difficulty in extracting the P^el template for non-6 —> u decays is the 
contributionn of n/K —» fi decays. Pythia treats pions and kaons as stable at the 
generationn level, and they decay at the detector simulation step. To be able to get a 
templatee for the background with reasonable statistics, we have simulated 2.5 million 
QCDD events, from which all non-6 —> p decays have been extracted. If we apply the 
samee fiducial cuts as used in the data, the majority of the events is removed, resulting 
inn low statistics in the background template. Properly applying the jet and muon 

'Wee choose not to combine the samples, due to the fact that one production process uses massive 
quarkss while the other does not, and one also has to take into consideration interferences between the 
productionn diagrams. 
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T
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T

et > 35 GeV (b). 

resolutionss results in the template as shown in figure 6.9 by the black circles, where 
thee templates are normalized to one. 

Too circumvent this problem of low statistics, the background template is also ex
tractedd directly from the data sample. This is done by selecting tracks reconstructed 
inn the central tracker, which satisfy the following requirements: 

•• The event is taken during a run which is qualified as good by the central tracking 
groups; ; 

•• Tracks reconstructed using only the axial fibers of the CFT are removed, since 
theyy do not contain any n information; 

•• The relative error on the measurement of the pT of the central track is less than 
2.5%,, to ensure properly reconstructed tracks; 

•• SR(jet, central track) < 0.7 to make sure the track is associated with the jet. 

Iff we assume that all tracks are muons from pion decays, we can use them in the P^d 

templatee if we weigh them with p^,1 to account for the probability of a pion decaying 
too a muon, and smear them according to the muon resolution. We do not have to 
takee into consideration the resolution of the central tracks, since the muon resolution 
iss measured with respect to these central tracks, and the resolution with which the 
centrall tracks are measured is negligible with respect to the local muon resolution (see 
sectionn 4.2.5). In addition to higher statistics, this method has the added benefit that 
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thee properties of the jets in the events do not have to be smeared, since we are using 
dataa events. The data used for the extraction of this template still contains a certain 
amountt of &-quarks. However, since we do not require the presence of a muon in the 
events,, this contribution is not significant. Figure 6.11 shows the resulting template 
fromm central tracks, compared to the one using the muons from the QCD Monte Carlo 
simulation. . 

o o 
> > 
0> > 

O O 
CM M 
O O 
(A A 

.0) ) 

c c 
HI I 

0.166 r 

0.14^ ^ 

0.122 E-

0.11 -

0.088 r 

0.06^ ^ 

0.044 r* 

0.022 E-

0 ^ ^ 

-r-l -r-l 

0.5 5 

—— Monte Carlo QCD template 

- e —— Data Central Track template 

- < ? --

-•--

ii , , i i i i ii . . . . i . . I , f 
1.5 5 2.5 5 33 3.5 

P?ell (GeV/c) 

Figuree 6.11: P-rei templates for light quark jets, extracted from the Monte Carlo simula-
tiontion (black circles) and from the data using central tracks (open circles). The templates 
areare normalized to one. 

6.4.22 Kinematic dependance 

Theoretically,, the P^et variable is a boost independent quantity. However, due to the 
finitee resolution of the detector, dependencies on p£ and E^tCa' are introduced. Since 
wee are ultimately interested in the differential cross section as a function of E3^0"' , we 
integratee over pj. and investigate the dependance of the templates on E? Cal. This is 
shownn in figure 6.12 for the b —»fx and non-6 —• u. templates, in the E^tCal bins: 

a.. 20 - 25 GeV 

b.. 25 - 35 GeV 

c.. 35 - 50 GeV 

d.. 50 - 100 GeV 
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wheree the size of the bins is constrained by statistics, especially for the non-6 —» n 
template.. The strategy is now to divide the data in the same bins of E^ Cal and fit 
thee templates to the data to measure the contributions of signal and background in 
thee data, as a function of E^tCal. 
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Figuree 6.12: Dependance of the P$el templates on E3
T

et, in the bins 20-25-35-50-100. 
TheThe open circles show the b —» u. template, while the black dots show the non-b —» 
/j,/j, template. The errors on the data points are statistical only. The templates are 
normalizednormalized to one. 
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6.4.33 Template fit 

Inn each of the E^tc'al bins a fit is done of the P^et templates to the data, according to: 

wheree i loops over each E^tCal bin, and ^ e i represents the P^el distribution in each 

E^E^tCaltCal bin. The factors C are the scaling factors with which the templates need to 
bee scaled to fit the data. The fit is done using the HMCMLL [58] program, which fits 
thee Monte Carlo templates to the data distribution using a maximum likelihood fit 
tha tt includes the effect of both the data and Monte Carlo statistics, and returns the 
est imatee of the fraction of each Monte Carlo template which represents the data best. 
Thiss procedure is followed using both the non-6 —> /i template from the QCD Monte 
Carloo simulation as well as with the non-6 —• \i template extracted from the data, to 
investigatee systematic effects. Figure 6.13 shows the fit of the QCD template and the 
bbbb template to the data in all four bins, and the results are summarized in table 6.2. 
Figuree 6.14 shows the fit of the background template extracted from data, and the 
bbbb template to the data, and is summarized in table 6.3. Figure 6.15 illustrates these 
numbers,, together with a fit of the form: 

Z(E¥-«)=aZ(E¥-«)=a + ^ (6.11) 

Thee shape of this function is chosen after trials using the Monte Carlo simulation, and 
wass also used in the Run I analysis [56]. The dashed grey lines represent the error on 
thee fit. The resulting values for the parameters a and b are listed in table 6.4. For the 
finalfinal 6-jet content measurement, we take the fit that used the background template from 
data,, because of lower errors on the fit. The difference of that fit with the result of the 
fitfit using the template from the QCD Monte Carlo simulation is added in quadrature to 
thee error from the fit to cover the uncertainty introduced by the method. This results 
inn the solid grey lines in figure 6.15. 

AA comment about error propagation has to be made here. The correlation matrix 
tha tt is provided by the fit to the four data points allows us to measure the deviation 
AZ(E^AZ(E^tcaitcai)) at each point on the function Z(E^tCal). However, it does not tell us 
howw these errors are correlated from each point on the function to an other point on 
thee function, due to changes in the parameters a and b of the fitted function. The 
derivationn of the correlation matrix for the points on the function uses a numerical 
procedure,, which is explained in detail in appendix B. 

Ass a consistency check of the 6-content measurement method, we perform a closure 
testt in which we simulate the data sample by taking all ji  + jet events from the QCD 
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Montee Carlo simulation. This sample then includes well known amounts of 6 —• fi 
decayss and non-6 —• fi decays. Using the 66 template extracted from the 66 sample and 
thee non-6 —> }i  template extracted from the data, we apply the same fit as described 
abovee to measure the amount of 6 —> /x decays in the sample. Integrated over the entire 
Ej?Ej?tCaltCal range, this results in a measured 6-jet content of (26  3)%, compared to a true 
6-jett content in the sample of (28 . 
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EjïEjï Ca' range 

200 - 25 GeV 

255 - 35 GeV 

355 - 50 GeV 

500 - 100 GeV 

6-content t 

0.399  0.064 

0.222  0.066 

0.244  0.055 

0.144  0.08 

backgroundd content 

0.611  0.073 

0.788  0.077 

0.766  0.068 

0.866  0.10 

Tablee 6.2: The b-jet and background content in each bin of E^ Cal, where the back-
groundground template is extracted from the QCD Monte Carlo simulation. 
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Figuree 6.13: Fit of the background template, extracted from the QCD Monte Carlo 
simulation,simulation, and the signal template, to the data in each of the four E^tc"'  bins. 
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EE33
TT °°x range 

200 - 25 GeV 

255 - 35 GeV 

355 - 50 GeV 

500 - 100 GeV 

ö-content t 

0.322  0.041 

0.299  0.028 

0.244  0.031 

0.199  0.043 

backgroundd content 

0.688  0.043 

0.711  0.030 

0.766  0.034 

0.811  0.048 

Tablee 6.3: The b-jet and background content in each bin of E^tCa', 
groundground template is extracted from the data using central tracks. 
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Figuree 6.14: Fit of the background template, extracted from the data using central 
tracks,tracks, and the signal template, to the data in each of the four E^tCa' bins. 
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Figuree 6.15: Measured b-jet content as function of Eif Ca', using the background tem-
plateplate extracted from the QCD Monte Carlo simulation (open circles), and the template 
extractedextracted from the data (black circles)). For clarity, the black circles are offset hori-
zontallyzontally by -1 GeV, while the open circles are offset +1 GeV. The errors from the fit 
areare represented by the grey dotted lines. The solid grey line includes the systematic 
errorerror from the method. 

\\ 1 

bb fraction 

Uncertaintyy on fit 

Totall uncertainty 

ES:-~~ U-
1 1 

... \ 

Backgroundd template, QCD 

Backgroundd template, central tracks 

a a 

0.1355  6.4-10~2 

0.1988  3.7-10-2 

b b 

1255  58.3 

68.88  33.8 

Pab Pab 

-0.818 8 

-0.841 1 

Tablee 6.4: Parameters resulting from the fit to the b-content using both background 
templatestemplates from the QCD Monte Carlo simulation and from the central tracks in the 
data.data. The correlation between the fit parameters a and b is given by paf,. 
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6.55 I?b_>/x-jet cross section measurement 

Usingg the &-jet content measured above, we can now extract the fr-jet cross section, 
withh b —> n, from the measured /x+jet spectrum (corrected for all efficiencies) shown 
inn figure 5.10, according to: 

B{EiB{Eirr
eiceic** 11) ) 

da(bda(b —* a) 

&E&E ]]
TT

etcetc««l l 11 T ' dE3
T

etc" 
(6.12) ) 

Thiss correction is done on a bin-by-bin basis, where every bin is weighted with the b-jet 
contentt that corresponds to its ET. The errors on the fit parameters of equation 6.11 
aree taken into account by propagating the full covariance matrix (further explained in 
appendixx A). This results in the 6-jet cross section as a function of E^tCa', with the 
6-quarkk decaying to a muon, as is shown in figure 6.16. The next step will be to correct 
forr the detector effects on the measurement of this cross section. 
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Figuree 6.16: The b-jet cross section, with b —> \i, as a function of calorimeter E^tCa'. 
TheThe errors on the data points include both systematic and statistical errors. 
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6.5.11 Unfolding the 6-jet cross section 

Wee now proceed to unfold this 6-jet cross section, measured as function of E^tCai 

accordingg to equation 6.12, for the effect of the finite resolution of the calorimeter 
RRCalCal(E^(E^pp)) and the kinematic acceptance of the detector K(E^tp). This does not 
takee into account the energy carried away from the jet by the muon and neutrino 
whichh are present in the jet. Hence the distribution we extract in this section is the 
b-jetb-jet cross section as function of the particle jet energy E^tp, with b —• /i. 

Too unfold the 6-jet cross section we follow a similar procedure as outlined in sec
tionn 6.2. Again, we start with an ansatz function I{Eytp) with three free parameters, 
accordingg to: 

I{E^'\a^I{E^'\a n̂n)) = a (E3
T

etpY (l - (^=\ E?tpY (6.13) 

withh a, i3 and 7 the free parameters. I(E^tp) represents the function G(E^tp), con
volutedd with the kinematic acceptance K(E^tp): I{EJ

T
€tp) = K{E3

T
etp) ® G{EJ

T
etp). 

Wee smear this distribution with the jet energy resolution RCal(E^tp), and fit to the 
6-jett cross section measured in the previous section, as shown in figure 6.16. Upon 
convergencee of the fit, resulting in the parameters a, (3 and 7, as listed in table 6.5, 
wee use the ratio CR(E^tc'11) of the ansatz function to the smeared ansatz function to 
updatee the data points, where CR(EjtCa') is defined as: 

11 RCal{EJ
T

etp) <g> I(E3
T

etp) 
?jetc?jetcaat\t\ T(r?JetP\  ̂ ' ' CCRR{E^^){E^^) I(E3

T T T 

Thiss ratio is shown in figure 6.17. This ratio is higher than the one used for unfolding 
thee //+jet cross section, as shown in figure 6.3, which is due to the fact that the 6-jet 
crosss section is falling steeper than the ^.+jet cross section. We now have to make 
thee kinematic acceptance correction as explained in section 6.3. Even though we have 
too make the kinematic acceptance corrections for 6-jets, and not generic /x+jets, the 
underlyingg distributions are the same, and we use the same factor CK{ET1P) as shown 
inn figure 6.4. 

Thee 6-jet cross section, measured as a function of E^tp can then be defined as: 

da{bda{b ^ "> = C ^ ) C f l ( ^ ) d g ( t ? , l ) (6.15) 
dEdEJJ

TT
etpetp K\ T J R\ T I éEJetCnS \ O) 

whichh uses equation 6.12. The 6-jet cross section thus defined, still with b —> /i, is 
shownn in figure 6.18 as a function of £f6tp. 
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Parameter r 

a a 

(3 (3 

7 7 

Value e 

1.00-1055  16.9 

-3.555  3.18-10"2 

25.22  0.807 

Tablee 6.5: Final parameters used in the ansatz function to minimize the difference 
betweenbetween the smeared ansatz function and the measured data points. 

100 0 

^ " (GeV ) ) 

Figuree 6.17: Ratio \/CR{E3^ C ° ' ) between the smeared ansatz and the ansatz function. 
TheThe dashed lines represent the errors on this ratio. 
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Figuree 6.18: The b-jet cross section as a function of particle level transverse jet energy, 

withoutwithout muon and neutrino energies. EE33
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6.66 Measurement of the fr-jet cross section 

Too measure the fe-jet cross section as a function of the full 6-jet energy E3
T

etpL, including 
thee muon and neutrino energies and the b —»• ji  + u branching ratio, we start out again 
fromm the fe-jet cross section measured as function of E^tCal (see figure 6.16). We again 
havee to take into account the kinematic acceptance correction and the resolution of the 
calorimeter,, as we did in the previous section. In addition, we now also have to deal 
withh two other effects, resulting from the addition of the muon and neutrino energies to 
thee jet energy. The first effect is a change of the energy scale, for which we correct with 
aa scale factor S(E^tp), which changes the scale of the cross section from the measured 
jett ET, ET

etcat to the full 6-jet ET, E3
T

etpL. The second effect is a resolution effect, 
causedd by the varying energy carried away by the muon and neutrino. We correct 
forr this effect by an unfolding procedure similar to the one explained in the previous 
section.. This time, however, we correct for both the effect of the calorimeters resolution 
andd the resolution of the lepton correction simultaneously. After this correction, we 
willl correct for the b —> \i + v branching ratio and the kinematic acceptance of the 
detector. . 

Firstt we will derive the scale factor S(E^ p ) . For this we use the Monte Carlo 
simulation,, by generating QCD events and extracting the bb events, with at least one 
fr-quarkfr-quark decaying to a muon, and with both the jet and the muon in the correct fiducial 
volume.. We require the SR between the jet and the muon to be less than 0.7. We then 
plot: : 

TijetpL TijetpL 

CCLL(E?(E?tpLtpL)) = ^ r (6.16) Ei Ei 

ass a function of the total 6-jet energy ET
€ PL, where: 

EEJJ
TT

etpLetpL = EJ
T

etp + ET + E  ̂ (6.17) 

Thiss results in the scatter plot shown in figure 6.19. The spread in each vertical slice 
off this scatter plot can be interpreted as a resolution effect on the jet energy, caused by 
thee uncertainty on the energy carried away by the muon and the neutrino. To extract 
thee scale factor S(E^tcal) we make vertical slices of this scatter plot in each bin of 
EETT

etpLetpL-- An example of one slice, for ET
etpL = 40 GeV, is shown in figure 6.20. For 

eachh distribution in each slice we take the position of the maximum as the scale factor 
neededd for that bin of E? PL • This scale factor then transforms each value of EJ

T
e PL in a 

correspondingg value of E3
T

e p , and can thus be used to scale ET
e p in to E3

T
e PL. However, 

sincee our starting point for the measurement of the fr-jet cross section is a measurement 
inn terms of E^tCal we need to determine the scale factor as a function of ET

e Cai rather 
thann E^tp• As such, we have to consider the smearing effects of the calorimeter on 
S(EjS(Ejtcaitcai).). If we have a distribution of E3^ p, with a well defined maximum, smearing 
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Figuree 6.19: Lepton correction factor C3^tpL as a function of the total b-jet transverse 
energyenergy trT . 

thiss distribution with a gaussian shape (due to the calorimeter resolution) will not 
changee the location of the maximum. Hence, for S(E3

r
e Ca') we can use the same scale 

factorr that scales E3^tp into E3^tpL. We now fit a straight line through the values of 
thee maxima, as a function of E?r

etp, and define that as the scale factor S(E3
r
stCal). 

Thiss scale factor allows us to transform a distribution, measured as a function of 
E^E^tCatCa'',, into a distribution of E3

r
stpL. When applying this scale factor to the data we 

obtainn the data points as given in figure 6.22. This distribution corresponds to: 

da(bda(b —» fi) 
S(ES(E33

TT
etcetc«') «') 

dEidEietcetc° ° 
(6.18) ) 

Havingg incorporated the muon and neutrino energy scale, the effects of the resolution 
needd to be accounted for. This is done using an ansatz function, which will be corrected 
forr the effects of the energy carried away by the leptons and the calorimeter resolution 
simultaneously.. For this ansatz function, called J(E3

r
s PL), we assume a shape according 

to: : 

J(EJ(E33f"^a,(3f"^a,(3nn)) =a(E^Y (l - (~) E^A (6.19) 

whichh is illustrated in figure 6.21a. This function J{E3^ PL) is defined as (see equa

tionn 6.6): 

J ( ^ e t " , a , / ? , 7 ) ) K{EK{E33
TT

etpL etpL )) <g> T ( 6 - f / i ) ® F(E3
T

elpL) (6.20) ) 
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Figuree 6.20: A vertical slice at E3
T

etpL = 40 GeV of the scatter plot in figure 6.19. The 
blackblack line is a fit to the histogram using a Landau function. 

Too correct for the variation of the energy of the muon and neutrino, we again use the 
scatterr plot of figure 6.19. The jet energy is scaled following a fit to the distribution 
forr CL{E

3
T

etpL) for each slice in E3
T

etpL. That is, each jet energy E3
T

etpL is scaled and 
distributedd according to the fit for that particular E^tpL slice, with the area under this 
fitfit normalized to one. This procedure then yields the distribution shown in figure 6.21b. 

Thee next step is to take into account the resolution of the calorimeter. We smear 
thee distribution with the jet resolution, as described in section 6.2. This results in the 
distributionn of figure 6.21c, which is now a function of the transverse calorimeter jet 
energy,, E^tCa'. This distribution corresponds to the measured data points that are 
displayedd in figure 6.16. 

Finally,, we have to use the scaling function S{Eir
eiCa') to scale this distribution, 

resultingg in a smeared ansatz function. This function is fit to the data points by 
changingg the parameters in the original ansatz function, and minimizing the \ 2 as 

definedd in equation 6.8. 

Uponn convergence of the fit, the resulting ansatz function now represents the true 
6-jett cross section as a function of lepton corrected transverse energy. Figure 6.22 
showss the result of the fit, where the dotted curve is the smeared ansatz function. The 
dataa points are the same as the points in figure 6.16, scaled with the scaling factor 
S(ES(E33^^tCaltCal),), taking into account the changing bin sizes. The smeared ansatz function 
fitsfits the data points well (\2 = 0.11). Figure 6.23 shows the ratio of the smeared ansatz 
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Figuree 6.21: Schematic illustration of the lepton correction and unfolding procedure. 

andd ansatz function. The dotted curves represent the error on the ratio, resulting from 
varyingg the measured jet resolution, taking into account the full covariance matrix. 

Thee scaled data points are now divided by the ratio shown in figure 6.23 to arrive 
att the 6-jet cross section as a function of total jet ET, according to: 

da{b da{b 

&E&E33
TT

eipeip' ' 
^^  = CRL^)(S{E^)®^^ 

dEdEJJ
TT

etc etc 
(6.21) ) 

Whatt remains is to correct for the b —> \i branching ratio T(b —• (i) and the kinematic 
acceptancee K(EptpL) to get the final differential 6-jet cross section. 

AA final comment has to be made with regards to this algorithm. Up to some 
extent,, the scaling function S(E^tc"') can be chosen arbitrarily. This can be seen by 
thee following: at one point in the algorithm, both the data and the smeared model are 
measuredd as a function of EJ/tc"'. One could possibly perform the fit of the smeared 
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Parameter r 

a a 

P P 
7 7 

Value e 

2.28-106 6 

-4.34 4 

5.06 6 

 1.52-106 

 0.148 

 2.49 

Tablee 6.6: Final parameters used in the ansatz function J(ct, (3, 7) to minimize the fit 
ofof the smeared ansatz function to the measured data points. 

140 0 

(GeV) ) 

Figuree 6.22: Result of ut to scaled data points. The data points are the same as the 
pointspoints in figure 6.16, scaled with the scaling factor S(E^tCal), taking into account the 
changingchanging bin sizes. The dotted curve represents the smeared ansatz function. 

modell to the data points at this stage, and the resulting ansatz function would represent 
thee underlying theoretical distribution with which the b-jets are produced. However, 
forr the final measurement we do not want to measure the parameters a, (3 and 7, which 
definee the theoretical curve, but we want to measure the specific data points. Therefore 
wee scale both the data and the model to the new energy scale E^r

etpL, and fit the model 
too the data points at that scale. Regardless of what we take for the scale factor, the 
parameterss a, (3 and 7 will remain the same. What does change with a changing scale 
iss the unfolding correction CRi{Ej!tp)] if we use a another scale than currently used 
inn the algorithm, the smeared ansatz function will be different and consequently the 
ratioo will change. In fact, only the combination of the correction factors CRL{E^1P) 
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EE33
TT

etpLetpL bin 

2 9 - 4 3 3 

4 3 - 5 7 7 

5 7 - 7 0 0 

7 0 - 8 3 3 

833 - 107 

1077 - 131 

{E{EJJ
TT

etpLetpL) ) 

34.1 1 

48.5 5 

62.2 2 

75.6 6 

93.5 5 

117 7 

da/dEda/dEJJ
TT

etpL etpL 

4-03^"°° • 10-1 

8.20tiil8.20tiil • io-2 

SS • 10-2 

1.16183?? • io-2 

4.47l};i?? • 10"3 

1.651S;??? • !0~3 

Tablee 6.7: Values of the data points shown in figure 6.22. 

1000 120 140 

EfPLL (GeV) 

Figuree 6.23: The ratio between the smeared ansatz function and the ansatz function. 
TheThe dotted lines represent the errors on the ratio that are coming from the uncertainty 
onon the jet energy resolution function. 

pjetcalpjetcal \ andd S(Ej? c° ') has physical relevance. In the algorithm, the scale factor S(E^ ~"') is 
chosenn such that it maximizes the purity of the algorithm, which is further explained 
below. . 

6.6.11 Puri ty considerations 

Thee procedure discussed above can only be used if sufficient events in a certain mea
suredd E3^iCal region, i.e. bin, originate from that particular region. If too many events 
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migratee into that bin from other bins, the number of events in the bin does not rep
resentt the cross section in the corresponding E^tCal region. Therefore, we define the 
purityy in a particular bin as the number of events in that bin of E^tpL in the ansatz 
function,, divided by the number of events in that same bin in the smeared ansatz 
function.. We also define the efficiency in that bin as the percentage of the events that 
doess not smear out of the bin during the smearing procedure. For the six data points 
usedd in the procedure above, the purities and efficiencies are listed in table 6.8. Clearly 
thee purities are on the low side to justify the bin sizes used. We therefore choose to 
decreasee the number of bins and increase their size such that the purity is at least 
50%% in each bin. Table 6.9 lists the efficiencies and purities for three bins, which are 
appropriatee for a correct unfolding procedure. 

EEJJ
TT

etCaletCal bin (GeV) 

20-30 0 

30-40 0 
40-50 0 

50-60 0 

60-80 0 

80-100 0 

EEJJ
TT

etpLetpL bin (GeV) 

29-43 3 
43-57 7 

57-70 0 

70-83 3 
83-107 7 

107-131 1 

Purityy (%) 

42 2 

36 6 

30 0 

27 7 

37 7 

29 9 

Efficiencyy (%) 

42 2 

38 8 

31 1 

31 1 
42 2 

37 7 

Tablee 6.8: Purities and efficiencies for 6 bins in the data. 

EEJJ
TT

etCaletCal bin (GeV) 

20-38 8 

38-60 0 

60-100 0 

EEJJ
TT

etFLetFL bin (GeV) 

29-54 4 

54-83 3 

83-131 1 

Purityy (%) 

54 4 

50 0 

51 1 

Efficiencyy (%) 

52 2 

53 3 

59 9 

Tablee 6.9: Purities and efficiencies for 3 bins in the data. 

6.6.22 Kinematic acceptance and branching ratio 

Ultimately,, we want to measure the differential 6-jet cross section in the range |?^'et| < 
0.6.. Up to now, we have required a muon with p£ > 6 GeV/c, and we need to correct 
forr this. We also have to apply a small correction due to smearing of reconstructed jets 
andd muons in and out of the fiducial region. Both these corrections are again extracted 
fromm the Monte Carlo simulation, where we extract two distributions: 
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1.. The distribution of generated 6-jets, without any constraints on the decay of the 
fr-quarkfr-quark in the jet. The jet is required to be within \rfet\ < 0.6. 

2.. The distribution of generated &-jets, with the &-quark decaying to a muon. After 
smearingg the jet n according to the detector resolution, we require that | ^ e t | < 
0.6.. Also, after smearing the properties of the muon, it is required to have p£ > 6 
GeV/c,, and \rf\ < 0.8. 

Bothh distributions are made as a function of E^ PL. The ratio between distributions 
11 and distribution 2 can now be used to scale the measured 6-jet cross section in the 
data.. This ratio is shown in figure 6.24. Scaling the measured 6-jet cross section with 
thiss ratio according to: 

(1(7 7 
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(6.22) ) 

where e 
dE: dE: J'tpL J'tpL iss the cross section calculated in equation 6.21. This results in the 

differentiall 6-jet cross section as shown in figure 6.25. This 6-jet cross section can now 
bee compared directly with theoretical predictions, as will be done in the next chapter. 

120.. 140 
E''  PL (GeV) 

Figuree 6.24: Ratio between the number of generated b-jets and b-jets that decay to a 
muonmuon with pj. > 6 GeV/c, in the fiducial volume defined by J??-76') < 0.6. 
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Figuree 6.25: Differential b-jet cross section as function of total b-jet ET, corrected for 
allall detector and tagging effects. 

E{E{etpLetpL bin 

29 -54 4 

5 4 - 8 3 3 

833 -131 

{E{EJJ
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35.9 9 
64.1 1 
99.6 6 

da/dEda/dE33
TT

etpL etpL 

5.4433 3 
2.82+°;^^ • 10-1 

3.5lt\il3.5lt\il • 10-2 

Tablee 6.10: Values of the data points shown in figure 6.25. 

6.77 Conclusions 

Inn this chapter we have measured the four distributions mentioned in the first section, 
namelyy the /U+jet cross section as function of the jet energy without muon and neutrino 
energies,, the fe-jet content as a function of E^tCa', the fr-jet cross section, with b —> /z, 
ass function of the jet energy without muon and neutrino energies and the 6-jet cross 
sectionn as function of the total 6-jet transverse energy. The latter cross section has 
thee complication that the bin sizes needed to be increased to retain a proper purity 
inn the unfolding procedure. The two 6-jet cross sections can now be compared to the 
theoreticall predictions as outlined in Chapter 1, as will be done in the next chapter. 
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