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Abstract

The precise determination of the masses of the CP-odd and -even heavy Higgs
bosons is an important part of the study of Supersymmetry and its relation with cos-
mology through dark matter. This note presents a determination oftheass with

the e"e~ — HOA? — bbbb process for a dark matter motivated cMSSM scenario
with Mp = 1141 GeV at CLIC. The analysis is performed with full simulation and
reconstruction at/s=3 TeV accounting for beamstrahlung effects. SM and SUSY
backgrounds are considered and the effect of the overlgy ef hadrons events

on the signal is studied for various assumptions for the detector time-stamping ca-
pabilities. The di-jet mass resolution is improved by applying a kinematic fit. The
AY mass can be determined with a statistical accuracy &5 GeV for 3 ab?!

of integrated luminosity and 0 to 20 bunch crossings gy background integrated

in one event, respectively.



1 Introduction

The CLIC linear collider is expected to probe physics at thdtirTeV scale, complementing
and extending the reach of the LHC on New Physics beyond ted8td Model. If this New
Physics is manifested by a rich spectroscopic of new pagjcs several models predict, their
study will be a key part of the CLIC physics program. In thisenwe study the pair production
of heavy supersymmetric Higgs bosomse~ — HPA? — bbbb for the parameters of bench-
mark point K’, defined in the constrained Minimal SupersynineStandard Model (cMSSM)
extension in ref. [1]. This benchmark is characterised hy Veavy supersymmetric particles,
with kinematic thresholds for pair production between 2 ari@V. TheH® andA® bosons have
masses of 1141 and 1137 TeV, respectively, with a naturahvid= 28 GeV. The accurate de-
termination of these masses is essential for outlining &5 profile and understanding the
connection of SUSY with cosmology, through dark matter. Zenass plays a special role in
this respect. In fact, the relation between its ma&ég, and that of the lightest neutralinMXf,

determines the cross section of thgx? — A° annihilation process in the early universe, which
could have been responsible for determining the amountliofdark matter we observe in the

universe today [2]. Pair production of heavy neutral Higgsdns at the linear collider has al-
ready been studied for several scenarios with lighter gagi[3, 4]. This analysis is interesting

for assessing the detector requirements in ternistafjging efficiency, since the signal has four
b jets and small production cross section, jet clusteringetinvariant mass reconstruction and
detector time stamping capabilities in presence of twaok@monachine-induced background.

2 Event Simulation

For this study, signal events are generated withdUGRA 7.69 [5] and RTHIA 6.125 [6].
The observed signal cross section at 3 TeV is 0.3 fb, acaugifidr the CLIC luminosity spec-
trum. The main SM background processes are generated withilR 6.125. In addition,
the irreducible inclusivebbbb SM background is generated with CompHep [7] at the parton
level and subsequently hadronised withTiRiA. The number of events generated for the var-
ious processes considered here and their cross sectiorggvarein Table 1. Beamstrahlung
effects are included usingACyPso for the CLIC 2008 accelerator parameters [8]. We assume
the beams to be unpolarised. Events are processed throligletector simulation using the
GEANT-4-based MbKKA [9] program and reconstructed with ARLIN-based [10] processors
assuming a version of the ILD detector [11], modified for pbysat CLIC. A total of~100k

SM and SUSY events have been generated, fully simulatednséticted and analysed (see
Table 1). Particle tracks are reconstructed by the comibimaif a Time Projection Chamber
and a pixellated Si Vertex Tracker. The momentum resolusahp/p? = 2 x10°° GeV* and

the impact parameter resolutiag_o = (5 & ﬁ) um. The parton energy is reconstructed
using the RNDORAPFA particle flow algorithm [12]. Performances are discdsselow. For
theyy — hadrons background simulation two photon events are getkvéath the QJINEA PIG
program [13] using the 2008 nominal CLIC beam parametetgsat 3 TeV where the hadronic
background cross section is modelled following Schuler Sjigstrand [14]. The energies of
two colliding photons are stored with their relevant probgband passed to PTHIA for the



Table 1: Summary of simulated samples

Process o Generator Nb of Events
(fb) Generated

HOAD 0.3 | ISASUGRA 7.69+ 3000
PYTHIA 6.125

Inclusive | 32.5 | ISASUGRA 7.69+ 20000

SUSY PYTHIA 6.125

HTH~ 0.6 | ISASUGRA 7.69+ 3000
PYTHIA 6.125

WTW~— 464.9 PYTHIA 6.125 30000

Ay 26.9 PYTHIA 6.125 15000

tt 19.9 | PYTHIA6.125 15000

bbbb 0.4 CompHEP+ 5000
PYTHIA 6.125

WHW-Zz% | 32.8| PYTHIA6.125 7500

207070 0.4 PYTHIA 6.125 2500

generation of the hadronic events. On average, there argy3-3 hadrons events per bunch
crossing (BX) withM,,, > 3 GeV. These are passed through the sanexkh full detector
simulation and overlayed to the particles originating frire primarye™e™ interaction at the
reconstruction stage, using the event overlay featuredrLthio persistency package [15]. For
this analysis, they background is overlayed only to the sigi#lA° events, in order to study its
effect on the signal reconstruction and to the peakiridd — background events. These samples
are reconstructed with different amounts of overlayed bemlnd, corresponding to different
time-stamping performances of the detector. The remaibackgrounds have a flat di-jet in-
variant mass distribution in the signal region and the thsicrating variables adopted are not
significantly affected by the two-photon background. Theparison of these results allows us
to assess some requirements on the detector timing cajeehili

3 Event Selection and Reconstruction

At the chosen SUSY parameters, where éi@~ — HCPA? process is close to its kinematic
threshold, the production cross section is small. The aagignal-to-background ratios to SM
processes such ¥¢"W— andtt are~ 1/1500 and 1/60, respectively. Therefore, a set of selectio
criteria with rejection factors of(10° — 10*) must be applied. There are two main sets of cuts
which effectively reduce the SUSY and SM backgrounds. Tt ifirbased on the event shape
and jet multiplicity, since two-fermion and gauge bosonr geioduction events at 3 TeV are
highly boosted, while the heavy Higgs bosons of the signalpmoduced with small kinetic
energy, giving 4-jet, spherical events. The seconb-iagging since all four jets in the signal
sample contairb hadrons. Thebbbb irreducible SM background has a cross section of only



0.4 fb, which make$-tagging the single most effective selection criteriumstolate the signal.

In order to reject particles which are poorly reconstruabedikely to originate from under-
lying yy events, a set of minimal quality cuts are applied. Only pkasi withp; > 1 GeV are
considered, charged patrticles are also required to hawast 12 hits in the tracking detectors
anddp/p < 1. The event selection proceeds as follows. First multhpdronic events with
little or no observed missing energy are selected. We re@yents to have at least 50 charged
particles, total reconstructed energy exceeding 2.7 Tentehrust below 0.95, sphericity larger
than 0.04, transverse energy exceeding 1.3 TeV and\Ngis < 6, whereNjets is the natural num-
ber of jets reconstructed using the Durham clustering #lyor[16] with yo = 0.0025. These
cuts remove all the SUSY events with missing energy anatiee — f f events.

For events fulfilling these criteria, we perform the final jetonstruction using two different
approaches and we study the sensitivity of the reconstrudgchniques on the two-photon
background. The first approach is to apply an exclusive rgcoction by forcing the event into
four jets, as traditionally done & e~ event reconstruction. Here, we use the Durham clustering
algorithm and we shall refer to this as the “4-jet Durham” hoet. The second approach uses
a more inclusive technique. Singg events give rise to soft jets, it appears advantageous to
cluster jets using a method which behaves like a cone atgorand select only the four most
energetic jets for performing the di-jet reconstructione Wée the anti-kt clustering algorithm
in cylindrical coordinates [17], implemented in tAestJet package, which we have ported as
a processor in th#arlin analysis framework. The choice of cylindrical coordinatesptimal
since theyy — hadrons events are forward boosted, similarly to the ugitgylevents inpp
collisions for which the anti-kt clustering has been opsied. For each event, we choose the
minimum R value at which the event has exactly four jets with energyxicess of 150 GeV.
These jets are then used for the reconstruction, while twer@nergy jets, which are mostly
due to theyy events when the background is overlayed, are disregardedshall refer to this
as the “semi-inclusive anti-kt” method. The effecttwfagging selection is included for the
reconstructed jets, requiring four jets to beéagged. For this analysis we use a parametrised
response and we assume that the efficiency for jets congait@icays products dfquarks,ep, is
0.85 with a mistag probability of 0.05 and 0.01 foand light quarks, respectively. We study the
dependence of the result @pin Section 4. Then, the di-jet invariant mass is computedc&i
there are three possible permutations for pairing the felacsed jets and thed® andA® bosons
are expected to be almost degenerate in mass, we take th@edioiy minimising the difference
AM of the two di-jet invariant masses and requifé| < 190 GeV. Since the signal events are
predominantly produced in the central region while theand some of the SM background
events are forward peaked, we only accept events for whiehjehwith the minimum polar
angle, 8, has|cosf| < 0.92. Finally, events with one or more jets having an invariaass
within 12 GeV of the top mass are discarded, to refeeindH*H~ — thtb backgrounds. The
number of selected events for the signal and the main backdgrprocesses at each stage of
the event selection procedure is shown in Figure 1. We stieyparton energy resolution for
jets from signal events fulfilling our selection criteria.eWompare the jet energy from particle
flow to the energy of thé hadron which is closest in energy-momentum space. We shely t
distribution of the quantityEbE—bE"et and we determine the rm.s. of the distribution, truncated
to include the 90% of the entries closest to the peak, BM3Ve observe a relative parton
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Figure 1. Number of selected di-jets for the signal and therbackground processes at each
stage of the event selection procedure

Table 2: RMY relative energy resolution fdrjets in signal events reconstructed with the 4-jet
Durham clustering and the semi-inclusive anti-kt algaritfor different amounts of overlayed
yy background.

Nb of BX RMSoo/Ejet

of overlayedyy 4-jet semi-inclusive
Durham anti-kt

0 0.113+0.002 0.112-0.002

20 0.149+0.003 0.129-0.002

40 0.17G+0.003  0.133-0.002

60 0.183+0.003 0.146-0.002

energy resolution RM§/Ejet = 0.113£0.002 and 0.11220.002 for jets from selected signal
HOA? events in absence of overlayed background using the 4-jgtdbuand the semi-inclusive
anti-kt algorithms, respectively. This resolution is doebbth the performance of the particle
flow for jet energies as high as 1.3 TeV and also the effect ofrim®s produced in semileptonic
heavy quark decays and escaping the detéttdinhe evolution of the RM&/ Ejet resolution
on theb-jets with the amount of overlayegy events for the two algorithms is summarised in
Table 2.

The Higgs mass resolution is studied by fitting the di-jetiant mass distribution with the

1Repeating the analysis f619A° events where both bosons are forced to decay into light caradkintob quarks
without semileptonic decays with escaping neutrinos weiaba relative parton energy resolution RMS=
0.088+0.002 and RMg, = 0.093t0.004, respectively.
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Figure 2: Di-jet invariant mass distribution for signal etebefore (open circles) and after (filled
circles) kinematic fit using the semi-inclusive anti-kt gtistering.

sum of two Breit-Wigner functions, describing t#8 andHP signals, folded with a Gaussian
resolution term. In this fit we set three parameters freeAthmassMa, the Gaussian resolution
term, gy, and the number of signal eveniésigna, While keeping thed© to A° mass splitting and
the natural widths of the bosons fixed to their values in th&8UWnodel. We obtain a di-jet
invariant mass resolutioay, = (68.5:6.2) GeV with the 4-jet clustering and (76:8.3) GeV
using the semi-inclusive anti-kt.

In order to improve the di-jet mass resolution, we apply ast@ned kinematic fit. We
use the port of the BriTC kinematic fit algorithm [18] to the MRLIN framework. RIFITC was
originally developed fowW "W~ reconstruction in DELPHI at LEP-2 and it has been succdgsful
applied for the reconstruction of simulated linear coltidgwents at lower energies [4]. The
kinematic fit adjusts the momenta of the four jetspps= apy + bps + cpc, wherepy is the
jet momentum from particle flonpg and pc are unit vectors transverse py and to each other

. o . —ao)2
anda, b andc free parameters. The rescaled jet momenta minimise thentwe)ﬁ(% +

S—EJF Ui'cz), wherea? is the expected energy loss parametsy,the energy spread ang, o

the transverse energy spreads as in the notation used abBowéhis analysis, we impose the
constraintspx = py = 0 andE + | p,| = /s, where the last conditions accounts for beamstrahlung
photons radiated along the beam axis. We take the valueg efnbrgy spread from simulation.
We only accept events with a kinematicyt < 10. After the kinematic fit, the relative jet energy
resolution RMSo/Ejet improves to 0.094:0.002 and to 0.1080.002 without and with 20 BX of
yy background, respectively. The di-jet invariant mass rggmh improves by more than a factor
oftwotooy = (27. 4 4.8) GeV and (29.84.7) GeV using the 4-jet and the semi-inclusive anti-
kt method, respectively (see Figure 2). The use of a kinenfétalso mitigates the effect of
the overlayedyy events on the di-jet mass resolution. Since we do imposedhenal centre-
of-mass energy, allowing for beamstrahlung, jet energiegescaled in the fit. The Gaussian
resolutions of the di-jet invariant masses obtained forréve jet energy and momentum from
the particle flow and that for the rescaled values after tiherkiatic fit are given in Table 3 for
the two jet algorithms and different amounts of overlayedkgaounds. Up to about 20-30 BXs



Table 3: Higgs mass experimental width after kinematicniiftfor different amounts of over-
layedyy background using the 4-jet Durham clustering and the seatitsive anti-kt algorithm.

Nb of BX Kinematic Fit
of overlayedyy ow;; (GeV)

4-jet semi-incl.
0 27.+ 4.8 29.8:4.7
5 32.0+ 5.0 30.1%5.0
20 54.0+ 8.3 34.5:6.7
40 72.2+ 7.4 45.4:5.6
60 78.6:10.9 52.58.2

the kinematic fit ensures a good di-jet invariant mass réieoluAbove 40 BXs of background,
corresponding to about 1.75 TeV of total energy frgsn— hadrons events overlayed to the
ete” — HOA? event, the di-jet mass resolution quickly degrades for thet 4luster while it
remains reasonably good for the semi-inclusive anti-koatgm.

4 Results

We consider the results of the analysis of a data set comelspg to an integrated luminosity of
3 ab ! taken at,/s= 3 TeV, corresponding to the production-ef800e"e~ — HPA" events. The
invariant mass distribution of the two di-jets in eventsesetd by the criteria discussed above
is shown in Figure 3 for various amounts wf background overlayed. The SM background is
small and flat in the signal region. The only peaking backgedois represented by +H~ — tbtb
events fulfilling the selection criteria. These poorly reswucted charged Higgs decays passing
the anti-top and jet selection criteria give di-jet massa#red at approximately the same mass
as theH? andA° bosons, sincé™” = 1148 GeV in this model, but with a broader distribution.
We repeat the fit to the di-jet mass distribution adding a dmbackground, parametrised by
a second order polynomial and a peaking background ternanpetrised by a Breit-Wigner
distribution. We obtain the parameters of these distrimgiby fitting the distributions for the
corresponding samples. The fitted number of sigNglna, and backgroundNpkg, €vents and
theMa mass value after the kinematic fit for the variggsoverlay conditions are summarised in
Table 4. We observe a significant advantage in using the setoisive anti-kt method over the
more traditional 4-jet clustering. While performances @vemparable in absence of background,
the statistical accuracy of the mass measurement is mdrke stéth the amount of overlayed
background when using the semi-inclusive anti-kt methotie A’ mass is measured with a
statistical accuracy of+ 3 GeV in absence ofy background, which increases 0 5 GeV
for 20 BXs of overlayed background. A 3 o systematic upward shift of the fitted mass
value for 20 or more bunch crossings of background, whicheappfor the 4-jet clustering
method, is removed by using the semi-inclusive anti-kttelisg and the fitted mass remains
within less than Jo from its simulated value. Finally, we repeat the analysislgnging thdo-
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Figure 3: Di-jet invariant mass distribution for (a) no, @), (c) 40 and (d) 60 BXs of overlayed
yy background for 3 ab! of integrated luminosity at/s=3 TeV. TheHA signal, theHA events
with incorrect jet pairing and the various background comgaus are highlighted.

Table 4: Number of selected background and signal di-jetisvatue of theA® mass after kine-
matic fitting for different amounts of overlayag background for 3 ab' of integrated luminos-

ity at /=3 TeV.
Nb. of BXs Nokg | Nsignal Ma (GeV) ‘
of overlayedyy 4-jet semi-incl.
0 76 | 222419 | 1137.4:3.3 1136.%43.4
5 77 | 224+20 | 1144.4:3.8 1135.9-3.7
20 102 | 208+20 | 1160.746.9 1139.95.4
40 96 | 183+20 | 1167.2:8.2 1134.%7.2
60 97 | 167+21 | 1170.6:9.7 1132.9-8.6
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20 BX of yy background overlayed.

tagging efficiency per jegp, in the range 0.75¢ &, < 0.95 and study the change in the statistical
accuracy orMa as a functiorey, (see Figure 4).

5 Conclusions

The procesete~ — HOA? — bbbb has been studied for the parameters of a dark matter moti-
vated, high mass SUSY scenario with, = 1141 GeV. The analysis is based on fully simulated
and reconstructed events and includes both physics bagkdsand machine-inducggt events.
CLIC at 3 TeV can study the production of pairs of heavy Higggiples with high accuracy up
to masses close to the production kinematic threshold. Ebhepe discriminating variables and
jet flavour tagging efficiently reduce the SM and SUSY backgds to achieve a good signal-
to-background ratio in the signal region at high mass. A sewiusive jet clustering using a
cone-like algorithm in cylindrical coordinates helps imlueing the impact of overlayed events
and ensure a stable, unbiased mass determination up tetlargaeber of overlayed bunch cross-
ings considered in this study. Due to the favourable kin@saif the signal events, the di-jet in-
variant mass resolution can be significantly improved bygeering a constrained kinematic fit,
accounting for beamstrahlung. This fit further mitigates itnpact of overlayegy background
up to~ 20-30 BXs, corresponding to detector time stamping aceesaof 10-15 ns. Under
these conditions, tha® mass can be determined with a statistical accuracy®b GeV for an
integrated luminosity of 3 att. This accuracy matches that required for obtaining preatist
on the relic dark matter density in the universe from collidata with a precision comparable
to that presently achieved in the study of the cosmic micvenzackground with the WMAP
satellite data [19].

The results reported in this note can be further improvede particle flow algorithm still
needs to be optimised for jets 6f(1 TeV). Explicit b-tagging has yet to be performed and can
profit from the considerable decay length of the enerdetiadrons. The jet clustering algorithm
can be further optimised for the reconstruction of evengr@sence of a diffuse background, as



in the case of a large number of overlaygdevents.
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