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H+H~HO followed by the charged Higgs decay to a pairtef and the neutral Higgs decay to
bb. The alternative process™WHP is also included as a source of charged Higgs signal in the
analysis having comparable cross-section. The focus iSuueete™ linear collider operating
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is small, with a reasonable background suppression, higfaksignificance values are achievable
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Higgs in the mass range 120my+ < 400 GeV.

Prospects for Charged Higgs Discovery at Colliders - CHARGED 2014,
16-18 September 2014
Uppsala University, Siveden

“Speaker.
Tcorresponding author

(© Copyright owned by the author(s) under the terms of the Cre&@vmmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/



2HDM Type Il & Triple Higgs Production at Linear Collider ljlaz Ahmed

1. Introduction

In a general 2HDM, the Higgs sector consists of two charged Higgsispdd, two CP-even
neutral Higgs boson$®, H®, and a CP-odd neutral Higgs®. The lightest neutral Higgs boson
h?, is taken to be SM-like and is the candidate for the signal observed at AHBarged Higgs
with my+ < 89GeV has been excluded by LEP for all famalues [1]. The Tevatron searches by
DO [2] and CDF [3] restrict theny+ to be in the rangeny+ > 80 GeV for 2< tan8 < 30. The
above results are followed by the indirect limit frdm— sy studies by the CLEO collaboration
which excludemy+ below 300 GeV at 95 % C.L. in 2HDM Type Il with tgh> 2 [4]. In general
in terms of 2HDM types the current conclusionnig: > 300 GeV in 2HDM Type Il and IIl. In
addition to the above constraints, the CMS collaboration restricts a neut@VM8ggs boson to
be heavier than 200 GeV with t@n= 10, assumingn, boson around 125 GeV [5]. Therefore, an
additional neutral Higgs should be heavier than at least 200 GeV wifh less than 10. Based
on this observation, and to allow for high t@rvalues,myo of 300 GeV is assumed in this study.
New results from ATLAS indicate no charged Higgs lighter than 160 GeV witi8ta 20 [6].
Combined results from CMS search report [7] and from ATLAS the tia&t there is no exclusion
for aH* heavier than 170 GeV. The chosen mass points of charged Higgs amatsstent with
bounds fronBs — u* u~ studies, as well as respectifg parameter. Fig. 1, which shows results
for my = 300 GeV, taB = 10 and with three adopted valuesrof. The global fit to SM elec-
troweak measurements requirss to be O(10-3) [8]. Since Fig. 1 showép values within the
same order of magnitude, therefore, we conclude that the set of ch@snpoints are consistent
with EW precision measurements.

2. TripleHiggs Couplings

The triple Higgs production can be regarded as a unigue process fondinged Higgs stud-
ies as in that case, it contains a pair of charged Higgs and a single nidiggsl (H™HH° or
H+H~h?). Having the neutral Higgs decayedhib, the final state has effectively two extra jets
as compared to the charged Higgs pair production. This feature makey itocelae distinguished
from the background processes. The reason is lack of existenagedi-tjets in SM background
eventsWw, ZZ andZ(*)/y*. Thett background can be reduced by a cut on the invariant mass of
the twob-jets.

In what follows, the triple Higgs production is analyzed as the main souraghafged Higgs
bosons. To this end, the triple Higgs couplings are used for the signdligion as presented

in [9, 10, 11, 12]. We check briefllA°H*H~ couplings presented in the mentioned references
dealing one by one and showing in Egn. (2.1) only taken from [9].

2mySw

1
OH+H-HO = [ Sﬁfa(ziﬁ(/\lJr)‘Z) +A3as(Sj + C3) — Aa— As — Sp5Co5(A6 — A7)

1
+ Cpal5%p (S5A1— C5A2+ CopAass) — AeSpSap — A7CaCap))] (2.1)

With the assumption8s = Ag = A7 = 0 and by assumingz_, = 1 the above equation makes sure
that the neutral lightest Higgs boson has the same couplings to gaugeslassibre SM partner. It
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is therefore an SM-like Higgs boson. This is due to the fact that the ratioggfd-gauge coupling
in 2HDM to SM Higgs-gauge coupling can be expressed as follows [13]:

OhonpmVV OHaHpMVV

Ohavv -a OHaaWV o (22)
Since we use largg values, the above requiremesg (, = 1) leads to small and negativeval-
ues. Moreover, in this limit, the SM-like Higgs boson has the same coupling tor afgaottom
quarks as in SM, because [13]

Gharipmbb
oM 5, /g = Sp_g — tgC_g (2.3)
Ghaubb

3. Signal and Background Eventsand their Cross Sections

The triple Higgs production can be eithdrrH~H® or H"H~h°. However, according to the
corresponding couplings presented in Egns. (3.1) and (3.2) (R&}), fheH*HH° coupling is
larger tharH *H~h? in the limit Sg—q = 1, unless there is a very large mass difference between the
charged Higgs and CP-odd neutral Higgs.

HEHIHE: o (0 Rt 58ty o — (TR~ MRSy 0| (0D

HEH*RO: m/\/S:veSQB |:(m|2_|i — m,%\—F %nﬁ)SQﬁSﬁ_a + (nﬁ — nﬁ)czﬁcﬁ_a] (3.2)
Therefore the signal is assumed toteH ~H® or H*W~HO production. The latter process in-
volves one charged Higgs but its cross section is comparable to the triple ptiggess. Therefore
by signal we mean a sum of the above two processes. For reasonekdgduand rejection, it is
a convenient choice to assume the neutral Higgs dechﬁ.t(Since the charged Higgs decay to
th produces a high multiplicity event, it is better to chod$€ — Tv decays which produce low
multiplicity events. According to the Higgs-fermion Yukawa couplings defirmedHe four types
of 2HDM, the type-Il 2HDM is most suitable for such a final state, bec#ys®vides the largest
H* — tv andH® — bb branching ratio of decays at high t8n As a summary the full signal
production process is

e"e” - HTH HO(H*W H®) — 1+ 1 bbEsS (3.3)

The Higgs coupling depends om; — m according to Eq. (3.1). The neutral Higgs mass )
has to be greater than,, and be small enough to allow for heawy; - to be produced, however, it
is constrained from below by LHC searches for neuttal> 1. A neutral Higgs withmg,o = 300
GeV is well outside the excluded area. Now the cross section can indfeasecreases resulting
in largermZ — mg factors. Other decay channels suchHas— W+H? andH* — W*AC lead to
three or four particles for each charged Higgs decay and are nsidevad as their identification
is difficult due to limited particle identification efficiencies and detector conataers. The main
decay channels of the neutral Higgs are also shown in terms of branehiog in Fig. 1. Similar
results are observed for other values offfan The neutral Higgs branching ratio of decaytﬁ)
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Figure 1: (top left) Ap parameter as a function ofy+ for differentma values. (top right), the neutral Higgs
branching ratio of decays and (bottom), thiéW—H? signal cross section times branching ratio of charged
and neutral Higgs decays.

decreases with increasing Higgs boson mass, therefore higherectisgis are expected for lighter
neutral Higgs bosons. The decay chariiels H¥W leads to three charged Higgs bosons in the
final state of the main process and is not considered here althoughiiteecghigher branchig ratio
thanbb. Other decay channels, e.fl% — h°h°, HO — WW~ andH® — Z°Z° vanish as they are
proportional tacg_, and this analysis is based s , = 1. Therefore as long as the lightest neutral
Higgs is required to be SM-like witgs_, = 1, such decay channels do not play a role. The cross
section times branching ratio of the triple Higgs production is thus obtained beamghing ratio
presented in 1. Results are shown in Fig. 2. The double Higgs produciginates from different
decay chainsete™ — A°H® — H*W~H? andete™ — H*H~ — H*W~H?C. Therefore, its cross
section depends omyo, myo andmy=. Figure 1 shows the cross section of this process times
BR(H* — Tv)xBR(H® — bb). A double charged Higgs production throughe™ — HTH~ —
thtv — W*bbtv — T+vbbtv was also explicitly checked and turned out to make no contribution
to the signal as it was suppressed by the cut orbkhiavariant mass.

The background events are SM proces@&,WW, Z(*) /y* andtt with cross sections 0.13,
1.8, 2.0 and 0.Ipb respectively at,/s= 1.5 TeV. If Z — 17 andZ — bb decays occur, th&z
process can lead torbb final state. Thet events are also important background events as they
contain twob-jets. Other sources of triple Higgs, e.4°H*H~ and A°H*H~ turn out to be
negligible with a cross section of the order £@b.

4. Event Selection and Analysis

Signal events contain four jets: twejets and twdb-jets. Therefore three requirements on the
number of jets are to be applied to separate signal and background, i.eut thre the number of
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Figure2: The signal cross section times branching ratio of chargdaantral Higgs decays with t#=10,
tanf =20 and taf8 =50

all jets (with a kinematic cut as deduced from the jet transverse energipdiiins), the cut on the
number oft-jets which are signatures of the charged Higgs and a separated cw purtiber of
b-jets. The twdb-jets originate from a neutral heavy Higgs boson in signal events, trergheir
invariant mass should lie within a mass window tuned by the neutral Higgs miasdly s there
are two neutrinos in the event, a requirement on the minimum missing transvensg should
help suppression of some background events like single or d@uibbsons. From detector point
of view, such requirements imply experimental uncertainties due to the jefyesesle b-tagging
efficiency, 7-identification efficiency and missing transverse energy resolution.
In order to start event selection kinematic distributions are studied. Figeh@8s the (any) jet
transverse energy distribution. Therefore the first step in signaltalds to require at least four
jets in the final state with kinematic cuts on the jet transverse energy andopapidlity as in Eq.
(4.1).

EF' > 30GeV, |n|<3 (4.1)

Selected jets are counted in the second step. The number of reconsjetefassing the require-
ment of Eq. (4.1). A cut on the number of reconstructed jets is applied a i(ME).

Number of jets (satisfying Eq. (3} 4 (4.2)

The t-1D algorithm [14] for T-jet reconstruction starts with a cut on the transverse energy of the
hardest charged patrticle track in thget cone assr > 20GeV. This requirement is basically
applied as we expect a low charged particle multiplicityrihadronic decay which results in a
large fraction of ther energy to be carried by the leading track (the charged pion). The isolation
requirement further uses the above feature of theadronic decay by requiring no track with
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pr > 1 GeV to be in the annulus defined a8 & AR < 0.4. HereAR = /(An)? + (A@)? and@ is

the azimuthal angle. Thiis calculated between the cone surface and the cone axis defined by the
hardest track. The number of signal tracks are then calculated lghgsgfor tracks in the cone
defined around the hardest track wiiR < 0.07. Sincer leptons decay predominantly to one or
three charged pions, we require the number of signal tracks to be dheser A jet (ar lepton
candidate) has to pass all above requirements to be selectedlaptan. Finally we require that
there should be two-jets satisfying all above requirements in the event.

In the next step the above two jets are useddioinvariant mass distribution as shown in
Figure 3 which tends to peak at 300 GeV (the neutral Higgs boson masghal svents while for
theZZ background théb invariant mass obviously peaks at thenass. Based on this observation
the requirement presented in Eq. (4.3) is applied on the distributibsjedfpair invariant mass.

bb invariant mass- 120 GeV (4.3)

As the last step, the missing transverse energy is reconstructed as #iwenggctorial sum of
particle momenta in the transverse plane as shown in Fig. 3. Based on theutigtrihown in
Fig. 3, the requirement of Eq. (4.4) is applied on signal and backgreveks.

miss
ET ™" > 30 GeV (4.4)
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Figure 3: (top left) the jet transverse energy distribution in sigaatl background events, (top right) the
b-jet pair invariant mass distribution in signal and backgrd events, while bottom figure is the missing
transverse energy distribution in signal and backgroumettsv

5. Results

Selection cuts are applied one after the other, and relative efficiendabaitotal efficiency
of the signal and background selection is calculated. The final numleseots, of course depends
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not only on the total selection efficiency, but also on the cross sectioveat® In case of signal,
the cross section depends on fapnmy: andma and branching ratio of Higgs decays. Table 1
shows the signal and background selection efficiencies. The seletfimereies are used in the

Signal,my+ :
170 GeV | 200 GeV | 300 GeV | 400 GeV Background

HHHHHW|HHH[HHW[HHHHHWIHHHHHW|  zZ [z lww] tt

Four jets 0.64| 0.64|0.63| 0.63]0.63| 0.63|0.62| 0.62| 0.24 | 0.052(0.22 0.91
Leading track 099 1 |0.99] 1 |0.99] 1 [0.99 0.99| 0.87 0.95 |0.92 0.96
Isolation 0.87/ 0.69|0.88/ 0.69| 0.9 |0.63| 0.9]0.83| 0.35 |0.092|0.6| 0.24
Number of signal track9.99| 0.97|0.99| 0.97|0.99| 0.96/0.99| 0.99| 0.87 0.37 |0.95 0.87
Two 1-jets 0.41| 0.2 |/0.43/0.21/0.47/0.22| 0.5| 0.1 0.68 0.6 |0.19 0.071
T-jet charge 1 1099 1 |0.99] 1 [0.99| 1 |0.99 1 1 1] 0.97
Two b-jets 0.82| 0.84/0.82| 0.84/0.82/ 0.82/0.82| 0.81| 0.15 0 0| 0.61
bb inv. mass 0.88| 0.94/0.88| 0.93/0.87/ 0.93|0.85/ 0.96| 0.041 0 0 | 0.33
Emiss 0.99( 0.98/0.98/ 0.99(/0.99| 1 |0.98/0.99| 0.28 0 0] 09
Total eff. 0.16|0.064 0.17|0.067 0.18/0.063 0.19/0.0397.7x 10°| 0 0 |0.0023

Table 1: Signal and background selection efficiencies. HHH and HHWAmiple and double Higgs
processes respectively. The signal selection efficiermriassumed to be independent offaandma.

next step to calculate the number of signal and background events & ragpint in parameter
space. The signal significance is calculatedNgs,/Ns, whereNs(Ng) is the signal (background)
number of events after all selection cuts. The significance depends Bnatahma due to the
dependence of cross section to these parameters. Thereforendifitrts are produced for each
value of tar3 andma as shown in Fig. 4.

6. Conclusion

The triple Higgs boson production was analyzed as a source of chetiggd pairs. The
analysis was performed for a lineate™ collider operating at/s = 1.5 TeV and results were
presented with a normalization to an integrated luminosity of B¢ The theoretical framework
was set to 2HDM type-II containing an SM-like light Higgs boson with a massik the current
LHC observations. The effect of the CP-odd neutral Higgs mass in thduption cross section
and the signal significance was studied and it was concluded that imgeas could increase
the signal significance very sizably. The signal significance depdsd®a tar3 . A reasonable
background suppression by b-tagging is achieved leading to high sgmaficance values for
some areas of the parameter space. Finally the signal significance wastpeas a function of
the my+, ma and tar3 . In such a scenario a linear collider with enough integrated luminosity
higher than 500fb~1 would probably be the only experiment which could provide some news
about this particle in the future in case the LHC missed to discover.
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