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CHAPTERR 8 Higgss to 4 Lepton Decay 

ThisThis is not the end. It is not even the beginning of the end. 
ButBut it is, perhaps, the end of the beginning. 

WinstonWinston Churchill 

Thee decay of the Higgs into four muons as described at the end of the previous chapter is only 
onee of the three possible processes that make up the gold-plated Higgs to four lepton decay 
channel.. Because the currently available information points to a Higgs mass between 109 GeV 
(directt LEP limit) and 215 GeV (upper limit at 95% confidence level), both the decay into an 
intermediatee state of two real Z bosons, and the decay into a real and a virtual Z have to be 
consideredd (cf. section 1.4). The results as presented in this chapter have been obtained using 
aa full GEANT detector simulation including inner bremsstrahlung [43,44]. 

8.11 Signal Reconstruction 

Thee signal reconstruction of all Higgs to four lepton decay channels starts with the successful 
reconstructionn of two pairs of leptons with the correct charges, after a set of simple kinematical 
cutss has been applied: 

1.. The signal is triggered on two leptons with a transverse momentum above 20 
GeVV and lr|l < 2.5; 

2.. The other two leptons must also fall in the pseudorapidity range \r\\ < 2.5, and 
havee a px > 7 GeV. In the case of electrons, both must fall outside the crack 
regionn between the barrel and the endcaps, i.e. 1.37 < Irjl < 1.52. 

Inn addition, two mass cuts can be applied because of the Z boson(s) in the intermediate state. 
Whenn the mass of the Higgs is less than 2mz, these cuts are: 

3.. One pair of leptons of the correct charge and flavour is required to have an 
invariantt mass m^ in a window around the Z mass, i.e. 

| mm 12 - m z | - A m Z window (8.1) ) 

113 3 
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4.. The remaining pair must have an invariant mass above a certain threshold called 
m34,, min-

Whenn the Higgs is heavier than the two Z bosons, both pairs of leptons must fulfi l the Z-mass 
requirement,, and cut number 4 becomes obsolete. 

Itt is clear from the definition above that the m34 min threshold must be a function of the 
masss of the Higgs. But in addition, the size of the Z-mass window has also been made to depend 
onn it in order to (partially) recover the acceptance losses due to bremsstrahlung. The values of 
thesee cuts for the different Higgs masses are listed in table 8.1: 

Higgss mass (GeV) 

Z-masss window (Gev) 
m34,min(GeV) ) 

130 0 

15 5 
20 0 

150 0 

10 0 
30 0 

170 0 

6 6 
45 5 

180 0 

6 6 
60 0 

>2mz z 

6 6 

Tablee 8.1 Size of the Z-mass window for the first lepton pair, and the invariant-mass threshold 
forr the other pair as a function of Higgs mass. 

Becausee the three possible final states are subject to different detector performances, the results 
obtainedd in their reconstruction also differ. 

8.1.1 1 H->ZZ (*>->eVe+e--

a=a= 1.6 GeV 

Thee reconstruction of the four-electron final 
statee is performed based on the hits in the 
innerr detector and the clusters in the 
electromagneticc calorimeter [10]. When the 
Z-masss constraint is applied to the electron 
pairr closest to the Z mass, the invariant mass 
distributionn for a Higgs mass of 130 GeV is 
shownn in figure 8.1. The resolution of 1.6 
GeVV shown there is the result at low 
luminosity;; at high luminosity the value 
increasess to 1.7 GeV. 

Thee average electron reconstruction 
efficiencyy is 92%, corresponding to a 72% 
four-electronn identification efficiency. 
Furthermore,, approximately 82% of the 
eventss fall within a mass window of a 
aroundd mH. This is less than the expected 
95%% for a gaussian distribution, which is mainly due to inner bremsstrahlung. 

-L L  i  i- i 
1000 110 120 130 140 150 

m^^ (GeV) 

Figuree 8.1 Higgs-mass distribution in the 
four-electronn decay channel for mH=130 
GeV. . 
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8.1.22 H-^ZZ^-^V^ V 

Forr the stand-alone muon spectrometer the mass resolution in the four-muon channel has been 
determinedd by AMBER (see the previous chapter). As this result agrees very well with mat of 
thee ATLAS production software, the latter's improvement by using the tracks found in the inner 
detectorr can also be applied to it [10]. The result is a resolution of 1.4 GeV for a Higgs mass 
off  130 GeV with an acceptance in the c mass window around the Higgs mass of about 83%. 
Thiss is after the efficiency for reconstructing all four muons, which is found to be 83.7% has 
beenn taken into account. Moreover, unlike in the electron channel, these numbers are not 
affectedd by pile-up and remain the same at high luminosity. 

8.1.33 H - ^ Z Z ^ - ^ V H V 

Thee mixed final state of 2 electrons and 2 muons is a simple combination of the reconstructions 
describedd above. For a Higgs mass less than twice the Z boson mass, the mass resolution differs 
somewhatt between the state in which the on-shell Z decays into two electrons, and the state 
inn which it decays into two muons. The reason for this is that these two leptons have a harder 
PTT -spectrum than the other ones, and while the resolution of the muon spectrometer degrades 
ass the transverse momentum increases, it improves for electrons because of the calorimetric 
energyy measurement. 

Forr a Higgs mass of 130 GeV, the resolutions are 1.3 GeV and 1.6 GeV respectively, with 
ann average value of 1.5 GeV. At high luminosity the degradation of the electron energy 
reconstructionn causes the resolution to rise to 1.6 GeV. In both cases approximately 82% of the 
eventsevents are reconstructed in the  centre of the mass distribution. 

Thee cross sections times branching ratios for the H^41 decay channel are listed in table 
8.22 as a function of the Higgs mass. The number of expected events is derived by taking into 
accountt the acceptances of the kinematical cuts and those of the Higgs mass bin, as well as the 
leptonn identification efficiencies. 

m H(GeV) ) 

aa * B R (fb) 

#events s 

130 0 

2.97 7 

69 9 

150 0 

5.53 3 

164 4 

170 0 

1.40 0 

46 6 

180 0 

3.26 6 

119 9 

200 0 

12.4 4 

525 5 

300 0 

9.10 0 

415 5 

400 0 

6.76 6 

336 6 

Tablee 8.2 Expected number of events in the H->ZZ(*)->41 decay channel for an integrated 
luminosityy of 100 fb"1. The number of signal events is calculated after having applied the 
kinematicall  cuts, and assuming the lepton reconstruction efficiencies and mass bin acceptances 
quotedd above [8]. 

8.22 Background 

Thee background to the Higgs decay into four leptons consists of three different processes. The 
firstt two, viz. the tt (tt-»WbWb-»41) and the Zbb productions are reducible, while the third 
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processs is not. For intermediate Higgs masses the latter consists of the ZZ* and the Zy* 
continuumm productions, with an additional small contribution from the ZZ continuum where 
onee of the Z bosons decays into a tau anti-tau pair, which subsequently decay leptonically, and 
thee other Z decaying into two electrons or two muons. When the mass of the Higgs is higher 
thann 2mz, their role is taken over by the ZZ and y*y*  continuum. 

Thee expected number of background events integrated over a mass window of 5 GeV 
aroundd the corresponding Higgs mass and after the kinematical cuts have been applied is listed 
inn table 8.3. Combining these values with the number of signal events from table 8.2 shows 
thatt the signal significance for high Higgs masses easily exceeds me 5a level after one year 
off  high-luminosity running. However, when the Higgs has an intermediate mass, additional 
cutss are required to reduce the number of background events. 

mH(GeV) ) 

ZZ(*VZY*/YY Y 
tt t 

Zbb b 
S/JB S/JB 

130 0 

24 4 
148 8 
101 1 
4.2 2 

150 0 

24 4 
194 4 
132 2 
8.8 8 

170 0 

22 2 
148 8 
101 1 
2.8 8 

180 0 

19 9 
132 2 
93 3 
7.6 6 

200 0 

290 0 

30.8 8 

300 0 

152 2 

33.7 7 

400 0 

113 3 

31.6 6 

Tablee 8.3 Expected number of background events for an integrated luminosity of 100 fb"1 after 
thee kinematical cuts have been applied, and assuming the lepton reconstruction efficiencies 
quotedd above. The last line shows the signal significance based on the number of events from 
tablee 8.2. 

8.2.11 Irreducibl e Background 

Kinematicall  cut number 4, i.e. the requirement that the lepton pair with the lowest transverse 
momentumm must have an invariant mass above a certain threshold, has already considerably 
reducedd the number of Zy background events in the electron channel, as well as the 
contributionn from cascade decays of b quarks1. For the intermediate Higgs masses, no 
additionall  cuts can be applied to reduce this background, so the numbers in table 8.3 remain 
valid. . 

Inn the case of a heavy Higgs particle a rejection of the continuum ZZ background can 
howeverr be achieved. Because the intermediate Z bosons in a Higgs decay are produced 
throughh a 2-body decay of a heavy object, they have a much harder pT -spectrum than the Z 
bosonss in the continuum background. By requiring that the maximum transverse energy of the 
twoo Z bosons is larger than a given threshold, i.e. 

PT,maX(Zi>Z2)>mH/33 (8.2) 

thee signal significances can be substantially improved: 

1.. A cascade decay of b quarks is a four-lepton event in which at least one lepton is not directly 
producedd through a semileptonic decay of a W boson or a b quark. 
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m„(GeV) ) 
Signal l 

ZZZ continuum 

S/VB B 

200 0 

211 1 

27 7 

40.6 6 

300 0 

352 2 

66 6 

43.3 3 

400 0 

298 8 

54 4 

40.6 6 

Tablee 8.4 Number of signal and background events for an integrated luminosity of 100 fb 
afterr the cut on the maximum transverse energy of the Z bosons has been applied (cf. tables 8.2 
andd 8.3). 

8.2.22 Reducible Background 

Att the production level, the non-resonant tt background dominates, but because of the Z-mass 
constraintt (kinematical cut number 3) it is strongly suppressed. This is not the case for the Zbb 
background,, because of the real Z boson in the final state. Only for Higgs masses above the 
2mz-thresholdd when both lepton pairs must originate from an on-shell Z boson, can it be 
effectivelyy suppressed. 

Ass is clear from table 8.3, the kinematical cuts alone are not sufficient for a clear 
recognitionn of the Higgs in the intermediate mass range. In particular, it would be desirable to 
bringg the reducible background below the irreducible one as there are large theoretical 
uncertaintiess in the former's calculation. In order to lower it to 10% of the reducible 
background,, a rejection factor of around 100 is needed. To achieve this, both a lepton isolation 
andd an impact-parameter cut must be applied. 

Leptonn Isolation Cut 

Inn the Zbb and tt backgrounds the leptons tend to be non-isolated as they are accompanied by 
otherr decay products of the b quarks. In the inner detector a lepton isolation cut can be 
implementedd by requiring that no charged tracks with a momentum above a certain threshold 
aree found in a cone around the lepton. This same isolation cut can also be achieved by requiring 
thatt the sum of the transverse energy deposited in the calorimeter in a cone around the lepton 
iss less than a given value. Because these criteria are strongly correlated, it turns out to be 
sufficientt to apply only the one based on the inner detector information [63]. 

Thee distribution of the maximum transverse momentum of the charged tracks inside the 
coness with radius 

RR = VoVToV = °-2 <83> 

aroundd all four leptons is shown in figure 8.2a. That plot is for a Higgs mass of 130 GeV, but 
thee results depend only very weakly on m .̂ By varying the cut on this momentum, the achieved 
rejectionss as a function of the Higgs to four muon efficiency are displayed in figure 8.2b. The 
rejectionn in the Zbb channel is lower, because of the softer pj -spectrum of its final state muons. 

InIn the case of the 4-electron final state, the isolation criteria are partially spoiled by 
bremsstrahlungg in the inner detector. This reduces the signal efficiency by about 10% compared 
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tt,, low lumi 

°50 0 
PT,max(GeV) ) 

700 80 90 100 
Signall  efficiency (%) 

Figuree 8.2 Maximum pT in the cones of radius 0.2 around the 4 leptons for a Higgs mass of 130 
GeVV at low luminosity (a) and the rejection as a function of the H-»4p reconstruction efficiency 
afterr the kinematical cuts (b). 

too those shown in figure 8.2b for a fixed rejection factor. In the same fashion, the pile-up at high-
luminosityy leads to a 25% loss in efficiency. 

Impactt Parameter Cut 

Thee impact parameters of the four leptons provide a second means of rejecting part of the 
reduciblee background, because the leptons coming from the tt and Zbb backgrounds originate 
att a displaced vertex. However, as this displacement is in part masked by the 14 Jim transverse 
spreadd of the beam, the maximum transverse impact parameter is not a very good selection 
criterion.. Instead, the summed distance in the transverse plane between the six intersection 
pointss that result from considering the leptons two-by-two, i.e. 

DD = S^ Xj)) + ( y i - y j ) (8.4) ) 
' . j j 

cann be used. By requiring it to be less than 1.5 mm, a rejection of 12 of the tt and 5 of the Zbb 
backgroundd channels are achieved for a 90% signal efficiency in the 4-muon channel. As with 
thee other method, the rejection in the H—>4e channel is affected by inner-bremsstrahlung, 
leadingg to a loss of efficiency of around 20% for the same rejection factors. 

Whenn going to high luminosity, the impact parameter method suffers considerably from 
thee removal of the B-layer, i.e. the strip layer closest to the vertex. Hence, the signal efficiency 
forr a fixed rejection factor falls by 40% for the tt events, and by 30% in the case of the Zbb 
background. . 
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Combinedd Rejection Factors 

Thee two background rejection methods are partially correlated as the lepton-isolation cut 
changess both the momentum distribution of the leptons and the fraction of cascade-decay 
eventss in the background. This correlation is found to be around 40% for the Zbb and 10% for 
thee tt background. The higher number for the Zbb events is due to the fact that the lepton 
isolationn cut softens the pT-spectrum, making the impact parameter resolution multiple-
scatteringg limited. By combining both methods, the_rejection factors for low-luminosity 
runningg total around 1200 for the tt and 118 for the Zbb backgrounds at a signal efficiency of 
69%.. At high luminosity these values are respectively 810 and 70 for a signal efficiency of 52%. 
Thiss means that the reducible background has been brought well below the irreducible one. 

8.33 Conclusion 

Becausee the signal rates in the H^>41 channel are small once all the cuts have been applied, an 
efficientt reconstruction of the multi-lepton final states is of the utmost importance. But when 
thatt is achieved, the reconstruction is able to deliver the signal significances plotted in figure 
8.33 for one year of running at high luminosity, and in figure 8.4 for three years of low-luminosity 
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Figuree 8.3 Sensitivity for the discovery of a standard model Higgs boson by thee ATLAS detector 
ass a function of the Higgs mass at an integrated luminosity of 100 fb" [10]. 
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H->1T T 
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Figuree 8.4 Sensitivity for the discovery of a standard model Higgs boson by the ATLAS detector 
ass a function of the Higgs mass at an integrated luminosity of 30 fb"1 [10]. 

running.. In the first case, the ATLAS detector will be capable of finding the Higgs boson with 
aa high significance in the mass range between 130 and 500 GeV through its decay into four 
leptons.. Below and above that range other decay channels are needed, and exist, to lift the 
significancee above the 5a level. Moreover, at low luminosity a discovery of 5a of the Higgs 
overr its full mass range is also possible after only a few years of running. 


