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Abstract. This study investigates the potential of an Electron-Positron Linear Collider for measuring
resonance parameters of Higgs bosons beyond the mass range studied so far. The analysis is based on the

reconstruction of events from the Higgs-strahlung process e

+te~™ — HZ. It is shown that the total width I'X,,

the mass mu and the event rate IV can be measured from the mass spectrum in a model independent way.
Also, the branching ratios BRi,w and BRY, can be measured, assuming these are the only relevant Higgs
decay modes. The simulation includes realistic detector effects and all relevant Standard Model background
processes. Results are given for my = 200-320 GeV assuming [£ = 500fb™" integrated luminosity at a

collision energy /s = 500 GeV.

1 Introduction

During the past years many simulations have been per-
formed to investigate the prospects of measuring Higgs
boson properties [1] at future Linear Colliders [2-4]. The
main focus was put on Higgs masses my below the WW-
threshold which is the mass region preferred by recent
electroweak data [5].

In high energy eTe™ collisions Higgs bosons can be
produced in two dominant production processes: Higgs-
strahlung eTe™ — HZ [6] and WW-fusion ete™ — Hu,r,
[7], see Fig. 1. As can be seen from Fig. 2, Higgs-strahlung
with ogz ~ 1/s dominates for lower collision energies,
while WW-fusion becomes the major production mode,
due to its op,, i, ~ log s cross-section rise [9], if \/s is large
compared to my.

Higgs bosons couple proportionally to mass and there-
fore are generally predicted to decay into the heaviest par-
ticles possible. In the Standard Model (SM) and most of its
extensions, the total Higgs decay width is expected to be
very small for Higgs masses below the WW-threshold. Fig-
ure 3 shows the SM prediction. Only if the Higgs width is as
large as few GeV, it can be determined from the observed
Higgs line-shape. This is not possible for smaller widths due
to limited detector resolution. However, it is possible to de-
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Fig. 1. Higgs production diagrams: Higgs-strahlung (left) and
WW-fusion (right)
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Fig. 2. Standard Model production cross sections for Higgs-
strahlung und WW-fusion, calculated with HZHA [8]. Numbers
in brackets indicate different choices for the Higgs mass. Inter-
ference between common Hv.v. final states is negligible
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termine the width in a model independent way usi }? the re—
lations I}, = 'L /BRI [11] or Tfl, = Ty, /BRiyw

From the line-shape it is possible to determlne the
width, the mass and the event rate in a model-indepen-
dent way. The signal and background processes studied are
specified in Sect. 2. Event selection is described in Sect. 3
followed by the methods of estimating detector resolution
in Sect. 4. For this, a separation of H - WW and H — ZZ
decays is necessary, which can be interpreted as branching
fraction measurements assuming that there are no other
major decay modes. The note continues with details on the
reconstruction of Higgs resonance parameters in Sect. 5.
Results are summarized and discussed in Sect. 6.
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Fig. 3. Standard Model prediction for the total Higgs width
', calculated with HDECAY [10]. Also shown are the partial
widths Fé{k—), I'Yw and I'f, of the dominant decay modes

2 Signal and background

Higgs bosons with Standard Model couplings are studied
in the mass range from my = 200 GeV to 320 GeV, where
both cross section and width are large enough for preci-
sion measurements.

In this mass range, SM Higgs bosons decay almost ex-
clusively into pairs of massive gauge bosons. The successive
decays are classified in terms of final state signatures in Ta-
ble 1.

For final states with neutrinos, constraint fits often used
to enhance mass resolution are difficult. Thus, channels 1, 2,
4 and 6 from Table 1 are not used for high precision mass
reconstruction. Among the fully detectable final states,
channel 3 is by far the most dominant. However, this is
also the channel where the largest background contamina-
tions are expected (e.g. ete™ — tt). On the contrary, the
gold-plated channel with six leptons in the final state is too
rare for precision measurements. Channel 5 with one lep-
tonic Z-decay and hadronic W- or Z-pair decays is a good
compromise between signal rate and background contam-
ination.

Table 1. Signal final states and their occurrence. Numbers given
are estimates using typical values for cross section ouz = 45fb
and branching ratios BRi,w = 0.7, BRY, = 0.3. Here, ¢ is
any charged lepton flavor and q any quark flavor kinematically
allowed

ete” Final H— Ratio  Events per
— state  ~ WW  Z7Z 500 fh~!
1. Huvere 2+ X X X 100 % 15000
2. HZ 2+ X X 35.1% 7895
3. HZ qq qqaq X X 34.3% 7720
4. HZ qqqq v X 19.2% 4315
5. HZ £0qqqq X X 7.84% 1765
6. HZ  flaqlv  x 2.94% 660
7. HZ 020 qq X 0.63 % 140
8. HZ 0L el el X 0.03% 5
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Events containing 7 leptons do not pass the selection
criteria described in Sect. 3 without dedicated 7 identi-
fication. Therefore, only events with ¢ = e, u are taken
into account. All background processes with two charged
leptons plus jets are considered. They can be classified
as follows:

6f  Six fermion processes, eTe™ — 2/ 4q, yield events
with the same final state as signal events. As will be
shown later, this is the dominant class of background
processes.

4f  Four fermion processes including ZZ-pair production,
ete™ — 20 2q. This class of processes seems prob-
lematic because of huge cross sections. However, event
topology differs from signal events.

tt  Top quark pair production, ete™ — tt — bbW+ W,
Here, high energetic leptons can occur in W- as well as
in b-decays. Therefore, all decays W — qq and W —
Ly are considered. Again it is not event topology but
large cross section which makes this background a cause
for concern.

Other processes (e.g. ete™ — WW — qqfv) are ex-
pected to be negligible due to missing isolated leptons,
large missing energy or low mass of the hadronic system.

Signal as well as background events are generated using
WHiZard 1.22 [13], except tt-events for which PYTHIA 6.2
[14] is used. Both initial state radiation and beamstrahlung
[15] are taken into account. For this analysis, no significant
signal over background enhancement is expected for polar-
ized beams, so the possibility of beam polarization is not
studied. Except for ete™ — tt, cuts on fermion-pair invari-
ant masses meg, qq > 10 GeV for any lepton-/quark-pair are
applied during the generation of Monte Carlo (MC) events.

Detector response is estimated using the fast simulation
SIMDET 4 [16] which parameterizes detector performance
as described in the TESLA TDR [2].

3 Event selection

In all events a search is made for energy flow objects which
are classified as lepton (electron or muon). The most ener-
getic of these objects is combined with any other identified
lepton. The pair with invariant mass closest to my is se-
lected as Z — ¢¢ candidate and removed from the event.
All other energy flow objects are forced to four jets by the
Durham recombination scheme [17].

The invariant mass of the two leptons must be close to
the Z mass, |mg — myz| < 5GeV and the hadronic part of
the event should consist of four jets, 34 > 1073, All leptons
and jets must be well inside the detector, |cos ;| < 0.99 for
leptons and |cos fjet| < 0.95 for jets. Since mu > my, the
energy of the lepton pair is required to be Eyy < 225 GeV =
0.45 /s, to reduce events from Z-pair production.

As a last selection step, a kinematic fit is applied. This
fit imposes energy and momentum conservation, allows for
longitudinal momentum imbalance due to initial photon
radiation and requires two jet pairs to have same invariant
masses. The latter constraint also defines the assignment of
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Fig. 4. Distributions of di-lepton energy F (a), di-lepton mass mye (b), jet separation parameter ys4 (c) and x*-probability
of the kinematic fit PROB(x?) (d) before the corresponding cuts. The expected HZ signal, added to the background, is shown
as dashed line. Note that the signal is scaled by factor 10 in (a)

Table 2. Evolution of event rates through the selection. Main remaining background source are

events from 6f processes e™

described in the text

e~ — 204q. Event rates in the first line include MC level cuts as

Signal my [GeV] Background
Variable (range) 200 240 280 320  6f af tt
Events / 500fb~! 1120 880 630 410 4340 392000 240000
1.-3. > 24, cos g, cos Bjet 904 706 498 322 1803 38000 90000
4. B (< 225GeV) 897 705 497 321 1512 5764 90 000
5. Mee (mz £10GeV) 770 600 425 275 369 1506 750
6. Y34 (>1073) 745 581 413 268 343 5 357
7. PROB(x?) (>1079) 585 463 333 216 271 0 4
Efficiency 52% 53% 53% 53%

the jets to two intermediate particles assumed to be either a
pair of W- or Z-bosons. Thus, together with the lepton-pair,
each event consists of three reconstructed gauge bosons.
Table 2 shows the overall performance of the event selec-
tion. In addition, the distributions of the most important
variables used for background suppression are displayed
in Fig. 4. Background suppression is possible to S/B ~ 1
or better depending on the Higgs mass. Events from four
fermion processes and tt-pair production can be rejected

almost completely. Signal efliciency €gignas is stable as a
function of myg and is always larger than 50 %.

4 Separationof H - WW and H — ZZ

Since it is a priori unknown which two of the three bosons
originate from the Higgs decay, a distribution is formed
which contains all three possible di-boson masses per event.
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Fig. 5. Di-boson mass resolution from MC with I'Hl, = 0 GeV.
As can be seen, resolutions differ for H - WW and H — ZZ.
Both distributions are asymmetric due to the constraints of
the kinematic fit. The difference in normalization results in the
different selection efficiencies

It is expected that the correct pairing will exhibit a mass
peak while the two wrong combinations will form a flat
combinatoric background.

In order to determine the resonance parameters (pu,
I') N) from this distribution, the Breit-Wigner shape of
the resonance has to be convoluted with a properly tuned
detector resolution function. The detector resolution differs
for events from H — ZZ (where the correct di-boson mass
partially is an invariant mass from ¢/ qq) and from H —
WW (where it is always from qqqq). The expected mass
spectra and the parameterizations' used for convolution
are shown in Fig. 5 for myg = 200 GeV. Resolutions for the
other Higgs masses are similar.

Events from the two Higgs decays enter the di-boson
mass spectrum with relative fractions

Nzz
Nww + Nzz’

Nww

RFyw = — - WW___
YW Nww + Naz

and RFZZ =

respectively, with N; being the number of events for each
channel after selection. The fractions RFww and RFyy
are determined from the di-jet mass as obtained from the
kinematic fit. An example distribution for my = 200 GeV
is shown in Fig. 6, where two peaks from W- and Z-decays
respectively are clearly visible.

The di-jet mass spectrum is divided by a mass cut,
chosen to be m&¥ = 85.8 GeV. Events above this mass
cut mainly originate from H — ZZ decays. Below the cut,
the sample consists of H - WW decays with a significant
background contribution. From the number of events above
and below mﬂt, the relative fractions of H — WW and
H — ZZ decays can be extracted in a model independent
way. In addition, assuming there are only Higgs decays to
W- or Z-pairs, the corresponding branching ratios BR\I;{VW

! Detector effects are parameterized separately for H — WW
and H — ZZ by multi-Gaussian functions. The choice is arbi-
trary and motivated by the good agreement between MC and
parameterization.
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Fig. 6. Di-jet mass spectrum as obtained from the kinematic
fit. Clearly visible are two peaks at mw and mgz respectively

and BRY, can be calculated. Table 3 resumes statistical
errors on relative fractions and branching ratios as expected
from [£ =500fb™" of data.

Table 3. Results for relative fractions and branching ratios.
Numbers given are mean values of 100 independent Monte
Carlo experiments corresponding to an integrated luminosity
of [£ =500 fb~! each

H H
mu [GeV] AR]}'CVWV\\/N ARI}‘I;ZZZ ABiRg:]Nv\\/N AB]?KR;IZZZ
200 7.3% 5.7% 3.5% 9.9%
240 8.9% 7.0% 5.0% 10.8%
280 11.9% 9.3% 7.7% 16.2%
320 15.2% 12.0% 8.6 % 17.3%

5 Reconstruction of
Higgs resonance parameters

Finally, the spectrum of the reconstructed di-boson masses
is built. Each event yields three entries for the different
combinations possible. This spectrum can be reduced to
the following parts:

1. The correct combination of di-bosons form a clear peak.
This peak can be described as a Breit-Wigner func-
tion convoluted with the detector resolution. The Breit-
Wigner parameters p, I" and N are free parameters of
the fit, while the parameters of the detector resolution
are fixed from MC.

2. The wrong combinations of di-boson masses form a flat
combinatoric background. The shape is parameterized
by a step function whose parameters are fixed from the
same MC sample as the detector resolution? while the
number of entries is determined in the fit by the free
parameter N of the Higgs peak Breit-Wigner function.

2 Here it is assumed that the shape of the combinatoric
background does not depend on the Higgs width.
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Fig. 7. Di-boson mass spectra for the four Higgs masses under study. Everywhere, the Higgs resonances are clearly visible over
physical and combinatoric background for [£ = 500 fb~! of integrated luminosity at /s = 500 GeV

3. In addition, there is a flat distribution from background
events which remain after the selection criteria. This
physical background is parameterized in the same way
as the combinatoric background. Besides the parame-
ters for the shape, in this case also the number of entries
is fixed by MC expectation®.

Figure 7 shows the distributions of reconstructed di-
boson masses with the fitted function. The fit parameters
p=mg, " = '}, and N = 0 xBR x ¢ are determined from
100 independent MC experiments, each corresponding to
500 b~ of integrated luminosity. Both the mean value and
the spread of all results lie within statistical expectations.
The average expected relative measurement errors are listed
in Table 4.

6 Summary and conclusion

A method to reconstruct the resonance parameters of a
Higgs boson produced in Higgs-strahlung at a future Lin-
ear Collider is presented. From the observed line-shape, the
decay width I'l},, the mass my and the event rate N are

3 In later experiments, the background parameters can be
determined off-peak in data.

Table 4. Expected relative errors on event rate N, Higgs mass
mu and Higgs width I'Hl, as fitted to the di-boson mass spec-
trum. Also listed are results for the branching ratios BR
and BRY, as described in Sect. 4. All numbers are mean values
obtained with 100 independent signal samples corresponding
to [£L=500fb~" at /s = 500 GeV each

mu [GeV] &N am ar A;Biflgwﬁ‘vvzv L};F;ZIZ
200 36% 011% 340%  35% 9.9%
240 38% 017%  26.8% 5.0% 10.8%
280 44% 024%  227%  TT% 16.2%
320 63% 036% 264%  8.6% 17.3%

derived from a model-independent fit. The method is re-
stricted to Higgs bosons with 'Y, in excess of a few GeV. In
the Standard Model, this is the case for myg 2 200 GeV. As-
suming the Higgs only decays to W- and Z-boson pairs, de-
termination of the corresponding branching ratios BRng
and BRY,, is possible as well. The results from 100 indepen-
dent MC experiments each corresponding to [£ = 500 fh~1
lie within statistical expectation.

This analysis has been optimized for the reconstruc-
tion of the decay width. The expected relative measure-
ment error on [}, is within 23-34 %, varying with the



176 N.
§ [
= I 1
z 30 [ TESLA 500, 500 fb
L line-shape, this study
20 -
[ *--* LHC, 300 fb™
r line-shape [19]
10 - TESLA 350, 500 fb™!
r indirect H—bb [18]

300 400
my, (GeV)

100 200

Meyer, K. Desch: Determining resonance parameters of heavy Higgs bosons at a future linear collider

S i
g 04 [
. TESLA 500, 500 fb™ /*
03 - this study
02
r LHC, 300 fb™ [19]
0.1 [ . .
e «——— TESLA 350, 500 fb™" [18]
100 200 300 400
my (GeV)

Fig. 8. Expected errors of measurement simulations on Higgs width (left) and mass (right) at Linear Collider and LHC. Only

statistical uncertainties are shown

Higgs mass. In Fig. 8 (left), the result is shown together
with the result from an indirect method applied to my =
120-160 GeV [12]* and from line-shape reconstruction at
LHC [19]. Statistical precision is slightly better at LHC
for 300 fb~! of integrated luminosity. However, systematic
shifts of the reconstructed Higgs width, which are of the
same order as the statistical uncertainty, are not taken into
account in [19].

The expected errors on Higgs mass, event rate and
branching ratios presented here are the first results from
Linear Collider studies available for Higgs masses larger
than 160 GeV. They are very promising for dedicated
analyses on these observables still to be studied. As an
example, in Fig. 8 (right) the expected error on my from
this study is shown together with the result from a dedi-
cated Linear Collider study for lower masses [18] and from
LHC line-shape reconstruction [19].
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