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Chapterr  8 

Higgss production (Hadronic decay) 

Inn the SM the properties of the Higgs boson are well defined as is described in section 2.4. For 
Higgss boson masses accessible in direct searches at LEP2 (below 115 GeV/c2) the Higgs boson 
decayss predominantly into either a pair of b-quarks (~ 82%) or into T+T~ (~ 8%). Since also 
thee cross section is predicted as a function of the mass the result from the direct searches (a cross 
sectionn measurement) is presented as a lower limit on the mass of the Higgs boson. Such a pro-
ceduree is model dependent and does not maximally exploit the information contained in the data. 

Theree are many models in which the Higgs coupling to down-type fermions (like b-quarks) is 
suppressed.. This can for example be realised in a two Higgs doublet model, in super-symmetric 
modelss or in more exotic hypotheses like composite models [90]. In such models the Higgs will 
decayy predominantly into a cc pair or, through top-quark loops, into gluon pairs. The existing 
Higgss analyses, like the one presented in the previous chapter, have a significantly reduced sensi-
tivityy to these signals as they rely heavily on the identification of b-quarks in the final state. In this 
chapterr an analysis is presented to derive a general upper limit on the cross section of a hadron-
icallyy decaying scalar particle that is pair produced with a Z boson. Such a flavour independent 
crosss section limit allows parameter space of specific models to be excluded. A search for the 
Higgss boson without using b-tag information to identify the Higgs would in addition allow an in-
dependentt cross check of the background behaviour in terms of mass and topological information 
inn the search for the SM Higgs boson. 

Inn section 8.1 an overview is given of the Monte Carlo signal samples and data set. In section 
8.22 the characteristics of the probability distributions are discussed and an overview of the per-
formancee of the analysis in separating the signal from the background at various Higgs mass 
hypothesess is given. Then, in section 8.4, the method used to set a cross section limit is defined 
andd applied to the results from the measurements on this specific data set. The chapter then con-
tinuess with an overview of the combined LEP results and ends with a summary^nd conclusion. 

8.11 Signal generation and strategy 

Thee cross section exclusion measurement is performed using the data collected in the years 1999 
andd 2000, with centre-of-mass energies ranging from 192 to 209 GeV. The corresponding in-
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tegratedd collected luminosities by DELPHI in this period are given in table 3.1 and 3.2. They 
amountt to a total integrated luminosity of 452.4 pb^1. The HZHA [91] programme was used to 
generatee signal Monte Carlo events at each centre-of-mass energy for Higgs masses from 50 to 
1100 GeV/c2 at 5 GeV/c2 intervals. For each of these hypotheses the Higgs was made to decay 
explicitlyy into a quark-pair (ss, cc or bb) or into a gluon pair. For each of these Higgs decays the 
exclusionn potential is determined and an upper limit on the cross section is computed. 

Differencess in sensitivity between the various quark-pair final states are expected to be small, 
exceptt for gluon decays, where the jet structure is significantly different from that of a quark-jet 
[92].. The main differences originate from the enhanced (charged) particle multiplicity for gluon 
jets.. The impact on the total charged multiplicity in a ZH event is indicated in the left plot of 
figurefigure 8.1. As a result, the pre-selection efficiency for ZH events in which the Higgs decays into 
aa gluon pair is about 5% higher than for an ss decay for all Higgs masses as is shown in figure 
4.13.. This increase is not caused by the explicit cut on the charged multiplicity (> 17 as described 
inn section 4.5.2), but is the result of the enhanced average reconstructed jet-multiplicity. The 
increasee in particle multiplicity and jet-broadness (a gluon jet is also broader than a quark jet) 
allowss a jet to be reconstructed even if the original parton direction was directed towards a less 
efficientt region of the detector and/or a few particles remain undetected. The fraction of qqgg 
eventss that is reconstructed as a 3-jet event is therefore less than that for qqqq events, resulting 
inn the observed enhanced pre-selection efficiency since an event is required to have at least 4 
reconstructedd jets. 
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Figuree 8.1: Differences in the ZH(90) 4-quark final state when the Higgs decays into either 
ss(solidss(solid lines) or a gluon-pair (dashed lines). The left plot shows the charged particle multiplicity 
andand the right plot shows the fit to the reconstructed equal-mass distribution. 

Anotherr effect of the increased jet multiplicity and broadening is the fact that the uncertainties in 
thee estimation of the four-momentum of the initial parton are larger in case the jet originated from 
aa gluon relative to a quark fragmentation. A consequence of this is that the di-jet mass resolution 
iss deteriorated. This is shown in the right plot of figure 8.1, where a fit  to the reconstructed equal 
masss distribution is shown for ZH(90) events. 
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Thee impact of these effects on the separation between signal and background varies as a function 
off  the Higgs mass in the hypothesis as is shown in the next section. The upper limit on the 
hadronicc Higgs cross section is therefore conservatively defined for each mass hypothesis as the 
limitt obtained from the Higgs boson decay for which the analysis was least sensitive. 

8.22 Probability distribution s and performance 
Inn this section the performance of the analysis is investigated as a function of the Higgs mass in 
thee hypothesis. The Higgs mass hypotheses that are considered run from 50 to 110 GeV/c2 and for 
eachh mass hypothesis the performance for two decay modes is evaluated: Higgs decays to either 
sss or a gluon pair. First it is shown that for a given Higgs mass hypothesis (MH), the analysis is 
indeedd automatically optimised for a ZH(MH) signal. This is followed by the evaluation of the 
performancee at each mass point for both decay modes. This is done by comparing the number 
off  predicted events from the SM and SM+ZH(MH) to the number of observed events after a cut 
inn the ZH-probability distribution at the point where the value of the product of efficiency and 
purityy of the corresponding optimised analysis is maximal. When a counting experiment would 
bee performed a cut imposed at this value of the ZH-probability distribution results in the smallest 
statisticall  uncertainty of the cross section measurement. 

Optimisedd analyses. An example: a 95 GeV/c2 Higgs analysis 

Sincee many characteristics of the Higgs signal are used analytically in the expression for the 
event-by-eventt probability, the analysis is automatically optimised once a specific hypothesis is 
chosen,, as was the case for the SM Higgs. A few characteristics of this optimisation are illustrated 
usingg the analysis for a 95 GeV/c2 Higgs boson. The corresponding (normalised) distribution of 
thee logarithm of the event-by-event probability is shown in figure 8.2 for both the SM background 
expectationn (hatched histogram) and for three different Higgs signals with masses of 80 GeV/c2 

(dashedd line), 95 GeV/c2 (solid histogram) and 110 GeV/c2(dotted line). Maximal intrinsic sepa-
rationn between Higgs signal and background is indeed achieved when the Higgs is 95 GeV/c2. 

Thee degradation in this intrinsic separation power is indicated in the left plot of figure 8.3 where 
thee mean of the ZH(95)-probability distribution is shown for signals with a varying Higgs mass 
betweenn 50 and 110 GeV/c2. In the right plot of that figure, the effective separation power is 
shownn by plotting the maximum value of the product of efficiency and purity that can be obtained 
byy making the cut on the probability distribution after scaling the signal and backgrounds to equal 
luminosity.. For light Higgs masses, although the intrinsic separation power is small, the signal 
crosss section is much larger which results in an almost similar effective sensitivity to mat of the 
signall  for which the analysis is optimised. It can also be noted that for the optimised signal, a 
955 GeV/c2 Higgs, the analysis is more sensitive to a Higgs decaying into ss than it is for a Higgs 
decayingg into a gluon pair. 



Higgss production (Hadronic decay) 120 0 

10 0 

t::- ii  SM backgroun d 

 ZH(95) 

ZH(80) ) 

ZH(110) ) 

ZHH (H -> ss) 

-55 -4 -3 -2 -1 0 

Inn (Probability(ZH(95)) ) 

Figuree 8.2: This plot shows the logarithm of the ZH(95)-probability density for the combined 
1999-20001999-2000 data set for the SM expectation (hatched histogram) and ZH(95) signal events (solid 
histogram).histogram). The distributions for Higgs signals where the Higgs boson is 80 GeV/c2 (dashed line) 
andand 110 GeV/c2 (dotted line) are also shown. 
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Figuree 8.3: The left plot shows the intrinsic separation power of the ZH(95) analysis. The mean 
ofof the logarithm of the ZH(95)-probability distribution is shown for the SM background and 
HiggsHiggs signals of varying mass. The solid(dotted) line indicates a Higgs decaying into ss(gg). The 
rightright plot shows the effective separation power (the backgrounds and signals are scaled to equal 
luminosity)luminosity) by the maximum of the product of efficiency and purity. 
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Performancee as a function of MH 

Ass is the case for the SM Higgs boson, the observations at different centre-of-mass energies are 
combined.. The performance of the optimised analysis for a given Higgs mass (MH) and decay 
iss shown in figure 8.4. In that plot the maximum product of efficiency and purity is given as 
aa function of MH, where for each mass hypothesis an optimised analysis was used. For Higgs 
massess below 85 GeV/c2 the analysis is most sensitive to a Higgs boson decaying into a gluon 
pair.. For heavier Higgs bosons, the analysis is more sensitive to ss Higgs final states. 
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Figuree 8.4: This plot shows the maximum of the product of efficiency and purity for optimised 
analysesanalyses for Higgs masses ranging from 50 to 110 GeV/c2. The solid(dashed) line represents the 
performanceperformance for a Higgs decaying into ss (a gluon pair). 

Att this optimal point (the cut on the ZH-probability where a counting experiment would yield 
thee statistically most precise measurement), the number of events predicted from SM background 
processess and for the Higgs signal (both decay modes) are shown in table 8.1 for a range of Higgs 
masses.. In addition the corresponding value of the ZH-probability at the optimal cut and the ef-
ficienciess for the Higgs signal are given. The uncertainty on the efficiencies are around 1%. For 
aa large range of (light) Higgs mass hypotheses an excess of events is observed compared to the 
SMM expectation. It is therefore likely to be due to a general underestimation of the qq(7) back-
ground.. An evaluation of the systematic uncertainties involved in the background estimation in 
thatt particular kinematic region is made in section 8.3.2. 
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I ::  Higgs decay into ss 

M HH (GeV/c
2) 

50 0 
55 5 
60 0 
65 5 
70 0 
75 5 
80 0 
85 5 
90 0 
95 5 
100 0 
105 5 
110 0 

In(PZH) ) 
-3.23 3 
-3.03 3 
-3.85 5 
-4.68 8 

-4.30 0 
-4.33 3 
-3.88 8 

-3.63 3 
-3.15 5 
-2.98 8 
-3.23 3 

-3.55 5 
-4.20 0 

e(ZH) ) 

41.3 3 
40.4 4 
55.2 2 

64.8 8 
62.0 0 
64.1 1 
53.9 9 

53.1 1 
45.4 4 
40.9 9 
41.7 7 

44.3 3 
44.2 2 

ZH H 
118.26 6 
109.44 4 
140.62 2 
154.89 9 

137.63 3 
129.20 0 
97.75 5 

85.31 1 
62.69 9 
46.01 1 

34.95 5 
23.80 0 
12.01 1 

SM(noo ZH) 

500.03 3 

438.21 1 
919.09 9 
1739.17 7 

1609.33 3 
1745.87 7 
870.68 8 

628.94 4 
358.16 6 
227.00 0 
203.44 4 

162.46 6 
122.38 8 

observed d 

534 4 
470 0 
982 2 
1853 3 
1714 4 

1860 0 
921 1 
661 1 
380 0 
235 5 
216 6 
155 5 
105 5 

II ::  Higgs decay into a gluon pair 

M HH (GeV/c
2) 

50 0 
55 5 
60 0 
65 5 
70 0 
75 5 
80 0 
85 5 
90 0 
95 5 
100 0 
105 5 
110 0 

ln(PzH) ) 
-3.58 8 
-3.90 0 

-3.98 8 
-4.25 5 
-4.15 5 

-4.20 0 
-4.20 0 
-4.03 3 
-3.98 8 

-4.15 5 
-4.23 3 
-4.28 8 

-4.35 5 

e(ZH) ) 

48.0 0 
56.0 0 

59.2 2 
62.6 6 
65.3 3 

67.3 3 
66.4 4 
62.9 9 

62.0 0 
63.3 3 
61.2 2 

55.5 5 
47.3 3 

ZH H 
137.59 9 
151.47 7 

150.67 7 
149.72 2 
144.91 1 

135.59 9 
120.37 7 

101.05 5 

85.63 3 
71.22 2 
51.27 7 
29.81 1 

12.85 5 

SM(noo ZH) 

668.78 8 

917.25 5 
1023.63 3 
1281.04 4 
1299.96 6 
1477.27 7 

1259.71 1 

920.90 0 

771.05 5 
694.93 3 
496.00 0 
291.92 2 

138.83 3 

observed d 

713 3 
990 0 
1088 8 
1372 2 
1393 3 

1576 6 
1345 5 
941 1 
800 0 
730 0 
500 0 
269 9 
119 9 

Tablee 8.1: The number of observed events at the value of the cut on In(Pzn) for which the product 
ofof efficiency and purity is maximal (efficiencies are given in %), is compared to the prediction 
ofof the SM. Note that the analyses used are the ones optimised for the corresponding Higgs mass 
hypothesis.hypothesis. The number of predicted events from a ZH signal is also given. Table 1(11) shows the 
resultsresults for a Higgs boson decaying into ss (a gluon pair). 
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8.33 Excluding the hadronic ZH cross section 
Inn this section the sensitivity of the DELPHI experiment is presented by excluding a range of 
hadronicc ZH cross sections using the analysis described in this thesis. The excluded cross sections 
ass a function of the Higgs mass are presented as exclusions relative to the (hadronic) SM ZH cross 
sectionn using the notation CZH(MH)» where 

CZHH = CTZH/crZH(hadronic ) f 8 ' 1 ) 

Thee method used to exclude a cross section for a particular Higgs mass hypothesis is the CLg 
methodd that has been discussed in detail in section 7.4. As an example, first an upper limit on the 
crosss section for a 80 GeV/c2 Higgs boson decaying into ss is determined. This is followed by 
thee full hadronic exclusion limit for Higgs masses from 50 to 110 GeV/c2 in section 8.3.2. 

8.3.11 Example: Excluding <xZH(80) for a Higgs decaying into ss 

Thee ZH(80) event-by-event probability distribution for the SM background and the ZH(80) sig-
nall  is used to construct the weights of individual events Wi=(l + Si/bi) that are subsequently 
usedd to construct the test-statistic for a large number of 'gedanken' background-only and sig-
nal+backgroundd experiments using expression (7.10). These distributions are shown in the left 
plott of figure 8.5 for background-only and signal+background experiments for three different val-
uess of CZH(80>: 0.5, 1.0 and 1.5. The observed value in the data (Xobs) is also shown. As only 
thee intrinsic separation between the two distributions is important here, and this section serves 
ann example, the mean position of the distribution of the test-statistic for background-only exper-
imentss and X0b6 are given an arbitrary offset and fixed. The distributions for the three different 
signal+backgroundd experiments (with a varying cross section) are then shown relative to this fixed 
distributionn as an indication of the changing separation power. 

Forr a median background experiment, the confidence in the signal CLs is computed while vary-
ingg the signal cross section (0< CZH <3). The distribution of this running CL* for a median 
background-onlyy experiment and the observation is shown in the right plot of figure 8.5. Cross 
sectionss for which CL* is smaller than 0.05 are excluded at 95% CL and therefore the ZH(80) 
crosss section measurement can be summarised as: 

Expected:: CZH(SO) < 0.49 (at 95% CL) 

Observed:: CZH(SO) < 0.76 (at95%CL) 

Ass there is an excess of events in the data compared to the SM expectation the constraint on the 
hadronicc ZH(80) cross section is weaker than was expected. In addition, since the performance 
off  the analysis for ss and gluon pair decay is similar as can be seen in figure 8.4, the numbers 
quotedd above also apply for the gluon pair final state and can therefore be interpreted as a general 
upperr limit on a ZH(80) cross section where the Higgs decays hadronically. 
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Figuree 8.5: The left plot shows the probability density function for the test-statistic for 
background-onlybackground-only (fixed) and background+signal (ZH(80)) experiments for three different sig-
nalnal cross sections. The shaded areas (in both plots) indicate the 1 and 2 sigma bands on the 
background-onlybackground-only The (fixed) observed value for -21n(Q) in the year 2000 data set is also indi-
cated.cated. The right plot shows the running confidence in the signal hypothesis CLs as a function of 
thethe signal cross section. The expected and observed excluded (at 95%CL) CZH values are also 
shown. shown. 

8.3.22 Hadronic cross section limit for Higgs masses from 50 to 110 GeV/c2 

Forr each Higgs mass hypothesis from 50 to 110 GeV/c2 and for each decay mode, the expected 
andd observed excluded hadronic ZH cross sections are determined as in the previous section. To 
sett a conservative cross section limit for each Higgs mass, the worst limit obtained from the two 
decayy modes is taken: below(above) 80 GeV/c2 these are the exclusions from the ss (gluon pair) 
decay.. This 'worst-case' distribution is shown in figure 8.6, summarising the full measurement 
byy means of an excluded hadronic cross section region. 

Ann additional interesting exercise is to compare the sensitivity relative to that of the SM Higgs 
boson.. This is done by excluding a Higgs mass range when assuming a SM cross section: 

Iff  crZH = cr|̂  then: Expected: MH > 103.9 GeV/c2 (at95%CL) 

Observed:: MH > 106.9 GeV/c2 (at95%CL) 

Duee to a deficit at Higgs mass hypotheses exceeding 100 GeV/c2 the observed limit for a SM cross 
sectionn is higher than expected. As mentionned before, for a range of light Higgs masses there is 
ann excess observed in the data. At a small region of Higgs mass hypotheses around 70 GeV/c2, 
thee excess is such that not even a SM cross section could be excluded at 95% CL although the 
measurementt is sensitive to cross sections half that size. 
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Figuree 8.6: This plot shows the most conservative expected and observed excluded cross section 
asas a function of the Higgs mass for the fully hadronic final state in DELPHI. 

Systematicc uncertainties for light Higgses 

Whenn interpreted as a ZH signal, the excess of events for Higgs mass hypotheses below 80 GeV/c2 

iss most compatible with a ZH(70) signal whose cross section is almost half of what is expected 
forr a SM Higgs boson. One should realise that for Higgs masses between 65 and 75 GeV/c2 

theree is a huge almost irreducible background from W+W~ events, causing the signal over back-
groundd ratio (~ 0.1) to be smaller than at other masses. The effects from the uncertainties in 
thee background processes on the excluded signal cross section are therefore also expected to be 
significantlyy larger. 

Whenn the qq(7) background cross section is increased by 5(10)% the median expected excluded 
CZHH increases only slightly from 0.48 to 0.49(0.50). The observed excluded scaling however goes 
downn from 1.02 to 0.90(0.82). A similar effect is observed when the region of the ZH-probability 
distributionss that is used in the evaluation of the exclusion limit is varied. When using the region 
ln(pj)>-3-255 instead of ln(pj)>-4.25 in the evaluation, the small loss in sensitivity causes the 
mediann expected excluded CZH to increase to 0.52, but again the observed exclusion goes down 
(0.86).. In addition, the excess does not seem consistent between different centre-of-mass ener-
gies,, although the statistics is too small to make a firm statement. 

Concludingg we can say that, although a large excess is observed in the data and studies are still 
ongoing,, the effects discussed above, unfortunately hint more to a problem in the modelling of 
thee qq(i) background than to the discovery of a Higgs signal. 
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8.3.33 Combined DELPHI (and LEP) cross section limits 

Inn addition to the hadronic decay of the Z boson also the other decay modes (yv and l+l~) are 
usedd in the DELPHI experiment to obtain maximum sensitivity in the search for a hadronically 
decayingg Higgs boson. The different channels have a varying expected sensitivity as can be seen 
fromm their expected limits on the Higgs mass assuming a SM cross section: 81.4 GeV/c2 for 
qq/+Z~andd 77.7 GeV/c2 for qqi/P. The combined expected(observed) DELPHI Higgs mass ex-
clusionn potential' is shown in table 8.2 and is 108.8(109.6) GeV/c2. 

Inn table 8.2 also the Higgs mass exclusion potentials for the three other LEP experiments are 
given.. The results from the four LEP experiments are also combined [93] and in figure 8.7 the 
preliminaryy combined result on excluded ZH(hadronic Higgs decay) cross sections is shown. 
Thee LEP experiments had the sensitivity to discover a Higgs signal for masses below 107 GeV/c2 

(masss for which the expected median l-CLb <5.7 10~7), but no deviation from the SM expecta-
tionn is observed. The observed lower limit on the Higgs mass of 112.9 GeV/c2 is therefore very 
closee to the expected one of 113.0 GeV/c2. 

Assumingg crZH = ö"zH 

ALEPH H 
DELPHI I 
L3 3 
OPAL L 
LEP P 

expected d 
lowerr limit 

108.4 4 
108.8 8 
109.3 3 
108.5 5 
113.0 0 

observed d 
lowerr limit 

109.3 3 
109.6 6 
111.6 6 
109.4 4 
112.9 9 

600 70 80 90 100 110 

Higgss mass (GeV/c 2 ) 
Tablee 8.2: The preliminary expected and ob-
servedserved sensitivity (in GeV/c2) for the mass of Figure 8.7: This plot shows the LEP com-
aa hadronically decaying Higgs boson assuming bined expected and observed excluded hadronic 
itsits cross section is identical to the SM one. ZH cross section as a function of the Higgs 

mass. mass. 

8.44 Summary and conclusions 

AA search for a hadronically decaying Higgs boson pair produced with a Z boson has been pre-
sentedd in the channel where the Z boson also decays hadronically. The results from the search 
havee been given as a cross section limit for Higgs masses between 50 and 110 GeV/c2. In the 
DELPHII  experiment, in the fully hadronic final state, an excess of events compared to SM expec-

-- - expected for  background 

11 Assuming the Higgs decays hadronically and the ZH cross section is similar to that of the SM Higgs. 
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tationss has been observed for all Higgs mass hypotheses below 80 GeV/c2. The more sensitive 
LEPP combination, using various final states, shows no significant deviations from the SM expec-
tationn and the expected and observed lower limit on the Higgs mass are very close: 113.0 and 
112.99 GeV/c2 respectively. These limits are only slightly (~ 2 GeV/c2) lower than the ones ob-
tainedd for the SM Higgs assuming the predominant decay into bb. It is important to note that with 
thesee measurements more information is extracted from the LEP2 data set by placing (stringent) 
modell  independent limits on Higgs cross sections. 
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