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Abstract. The feasibility of detecting a heavy charged Higgs boson, my+ > m¢ + my, decaying
in the HY — tb channel is studied with the fast simulation of the ATLAS detector. We study
the gg — H¥tb production process at the LHC which together with the aforementioned decay
channel leads to four b—quarks in the final state. The whole production and decay chain
reads gg — tbHT — ¢1bb — bbbblrgq' . Combinatorial background is a major difficulty in this
multi—jet environment but can be overcome by employing multivariate techniques in the event
reconstruction. Requiring four b-tagged jets in the event helps to effectively suppress the
Standard Model backgrounds but leads to no significant improvement in the discovery potential
compared to analyses requiring only three b-tagged jets. This study indicates that charged
Higgs bosons can be discovered at the LHC up to high masses (my+ > 400 GeV) in the case of

large tang.
Keywords: charged Higgs; MSSM

PACS. 14.80.Cp — 12.60.Jv — 11.10.Kk

1 Introduction

The only particle predicted by the Standard Model
(SM) that has so far not been detected is the Higgs
boson. In the Minimal Supersymmetric extension to
the Standard Model (MSSM) [112] the Higgs sector is
enlarged to contain 5 particles: 3 neutral (h°,H? A0)
and two charged (H™,H™) Higgs bosons. Whereas the
detection of one neutral Higgs bosons would be com-
patible with both the SM and the MSSM, the detec-
tion of a charged spin—0 particle such as the charged
Higgs boson predicted by the MSSM would unequivo-
cally point towards new physics beyond the SM. This
note describes the potential of the ATLAS experiment
to detect a heavy charged Higgs boson, i.e. a charged
Higgs boson heavier than the top quark, decaying in
the H* — tb channel.

Other experiments have also searched for the
charged Higgs boson and set lower limits on the
charged Higgs boson mass. The combined LEP
experiments provide a preliminary exclusion of
charged Higgs bosons with myg+ < 78.6 GeV at the
95% CL [3]. At the Tevatron, CDF and DO searched
for the charged Higgs boson in the decay of top
quarks produced in pp — tt reactions. These searches

exclude the low and high tang3 regions up to charged
Higgs masses of ~ 160 GeV [45].

The Higgs sector of the MSSM is determined by
two free parameters at tree level, most often chosen
to be the mass of the CP—odd neutral Higgs boson,
ma, and the ratio of the vacuum expectation values
of the two electroweak Higgs doublets, parametrised
by tan3. The decay modes of the charged Higgs boson
in the MSSM are given as a function of the charged
Higgs mass in Fig. [l for two different values of tang,
1.5 and 30. These plots show that the main decay
channel of heavy charged Higgs bosons for my+ 2>
m¢+my is the decay into a top— and a b—quark . How-
ever, searches in this decay channel have to resolve
the problem of a large multi—jet background. For this
reason the most promising channel for the search for
the charged Higgs boson heavier than the top quark
is the HT — 7v; decay channel, as it provides a lower
background environment [6L[7].

The H* —tb decay channel, assuming
my+ 2, my +my, has been studied in a previ-
ous note [§], using the 2 — 2 production process
gb — H*t and detecting 3 b-jets in the final state.
However, as was shown in that report, the large
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Fig. 1. Branching ratios for different decay channels of the charged Higgs boson in the MSSM as a function of the
charged Higgs mass. The upper plot assumes tan3 = 1.5, and the lower plot tan = 30. Here the Maximal Mixing

Scenario as defined in Sect.[2]is assumed

background from Standard Model ¢f—production
complicates the detection of the charged Higgs
boson and limits the mass region for a charged Higgs
discovery to masses below about 400 GeV for low
or high values of tan3. The purpose of the present
study is to try to extend the discovery reach beyond
this limit.

Recently it was suggested [9] that by utilizing the
2 — 3 production process gg — H*tb in combination
with the HY — tb decay, the fourth b-jet inherent in
the signal process could be detected, resulting in a
greater rejection of the Standard Model background
processes. We therefore study a heavy charged Higgs
boson in the production and decay chain

gg — tbH* — ttbb — bbbblvq, (1)

where one of the top quarks is required to decay lep-
tonically in order to provide a hard isolated lepton to
trigger on. The SM background processes that lead
to the same final state with four b—tagged jets are

gg — ttbb (2)

and - -
g9 — ttgg + ttqq, (3)

where, in the latter case, two of the light jets are
misidentified as b—jets.

Analyses searching for a charged Higgs boson in
the production processes gb — H*t and gg — H*tb
generally suffer from a lack of sensitivity for interme-
diate values of tanf3. The relevant part of the MSSM

Lagrangian describing the H¥tb Yukawa coupling is
given by [9]

e _ _
L=———"—H" (mptanStbr + my cotBthy),
\/imwi sin Oy (mptanftbr vootftbe)

(4)

which has a minimum at tan8 = y/m¢/myp. This
behavior is illustrated in Fig. [A showing the cross
section times branching ratio (BR) for process ()
as a function of tanf for a charged Higgs mass
of my+ = 300GeV. Production cross sections and
branching ratios are calculated as described in
Sect. 2l The dip around tang3 = /mg/my, =~ 7 is ap-
parent.

In the following section the event generation and
detector simulation are described. Sect. [3 describes
the analysis which is divided into two likelihood selec-
tions presented in the Sects. B2l and B3 respectively.
Section[dl summarises the results, and conclusions and
an outlook are given in Sect.

2 Event generation and simulation

The event generation and detector simulation for the
various Monte Carlo (MC) samples used in this anal-
ysis are done within the ATHENA framework in the
ATLAS Software Release 6.0.3.

The signal process () is generated for a charged
Higgs boson mass range of my+ = 200 — 800 GeV us-
ing HERWIG 6.5 [I0L[IT]. Table [[llists the mass points
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Fig. 2. o x BR of the process gg — tbH* — tibb — bbbblvgq' for a charged Higgs mass of my+ = 300GeV as a

function of tang

Table 1.

Summary of signal MC samples for the various charged Higgs masses studied in this analysis. Inclusive

and exclusive cross sections are quoted for a selection of tang values, assuming u% = u% = (ma(t) + m3(b))/2 and
a running b-quark mass. Each MC sample contains 10° generated events

M+ tang Cinet. [pb] o x BR [pb]
200 30 1.2 0.17
250 40 1.3 0.31
300 50 1.4 0.35
350 60 1.4 0.35
400 20 0.11 0.029
500 30 0.13 0.034
600 40 0.13 0.033
800 30 0.024 0.0063

at which MC samples are produced and gives pro-
duction cross sections for a set of tan( values. In
the cross section calculations the factorisation and
renormalisation scales, ur and pg, respectively, are
set to the mean transverse mass so that u% = p% =

Sicp P+ m?)[2 = (i () + mi(0)/2 = (mF).
As all cross sections are calculated at leading order
and no next to leading order calculations exist to
date, an optimal choice of the QCD scale is not ob-
vious. The choice of this particular scale is guided by
the demand to use comparable scales in the signal
and background calculations for consistency and by
results obtained in [12] although the process consid-
ered there can not be compared directly to the sig-
nal process considered in this report. Choosing the
QCD scale is one of the main systematic uncertain-
ties when predicting the signal and background cross
sections. The value assumed here provides estimates
of the cross sections to be expected but can by no
means be considered as definitive. Other choices of

the QCD scale or m,; evaluation may result in cross
sections differing by up to a factor 2. This topic is
further discussed in Sect. [4]

The strong coupling constant «g is evaluated
at the 1-loop level and a running b-quark mass
is used. A central value of m; = 175GeV 1is as-
sumed for the top quark mass and the CTEQ5L par-
ton density function is used throughout the anal-
ysis. HY — tb branching ratios are evaluated with
HDECAY 3.0 [13] where the decay to supersym-
metric particles is switched off (OFF-SUSY=1). We
evaluate the branching ratios in the Maximal Mix-
ing Scenario as described in [14], assuming the
top quark mass mentioned above: Mgysy = 1TeV,
My =200GeV, u= —200GeV, Mz = 800GeV and
Ay = Ay = Xy + p/tanf with X; = v/6Msysy. The
branching ratio of the W* decaying to quarks is as-
sumed to be 2/3, and the BR to a lepton (electron
or muon) plus the accompanying neutrino is taken
to be 2/9. Since each of the W* can decay lep-
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tonically or hadronically, an overall factor of 2 has
to be applied. This leads to the following relation:
o X BR = 0ipq. x BR(HT — tb) x 8/27.

Samples for the background processes gg — ttbb,
qq — ttbb and gg — Z/y/W — ttbb are produced
with ACERMC 1.2 [I5] in stand-alone mode.
The QCD energy scale is chosen such that
Qbcp = E(pifz +m?)/4 = (m?). These samples are
then passed to HERWIG 6.5 within the ATHENA frame-
work for fragmentation and hadronisation. In order
to study the systematic uncertainty due to different
fragmentation schemes, the gg — ttbb sample is also
passed to PYTHIA 6.203 [16] for a similar treatment.
The effect of mis—tagging light jets as b—jets is stud-
ied with the help of a large ¢t + jets sample generated
with HERWIG 6.5. Table[Z summarises the background
samples and their inclusive cross sections.

The ATLAS detector is simulated with the fast
detector simulation ATLFAST as it is represented in
the ATLAS Software Release 6.0.3. This package is
based on the FORTRAN implementation of the same
package [I7]. Jets are reconstructed with a cone
based algorithm using a cone size of AR = 0.4. Only
jets having a minimum transverse momentum of
pr > 10 GeV and lying in the pseudorapidity range of
[n| < 5 are accepted for this analysis. An efficiency of
90 % to identify isolated charged leptons is assumed.
The possibility to tag a jet as a b—jet is limited by
the inner tracker acceptance range of |n| < 2.5. A b
tagging efficiency of 60% is assumed when simulat-
ing samples for the low luminosity option of the LHC,
50 % for the high luminosity option. Rejection factors
of Rc = 10 and Rj = 100 are chosen for c- and light
jets respectively. The b-tagging efficiencies and rejec-
tion factors are static, i.e. they do not depend on the
pseudorapidity 7 or transverse momentum pr of the
jets. All plots and tables shown in this analysis refer
to the low luminosity option of the LHC, assuming
an integrated luminosity of 30fb~! unless explicitly
stated otherwise.

2.1 Jet—parton matching

In order to construct and test the performance of the
event reconstruction algorithm (see Sect. BZ), it is
necessary to know the link between a generated par-
ton and a detected jet or lepton. The former is often
referred to as the “Monte Carlo truth”, and the lat-
ter will be referred to as “reconstructed objects” in
the following. Initially no such link between a parton
and a reconstructed object is provided by the MC
generator or the detector simulation program and the
association is far from straightforward. In this anal-
ysis the problem is handled approximately by solv-
ing the assignment problem as described in [18|. The
quantity which is minimised is the sum of all dis-
tances between the generated partons after final state
radiation (FSR) and their associated reconstructed
object 4—vectors. The distance between the 4—vector

of a parton and the 4—vector of a reconstructed ob-
ject is given by AR = /A?n + A2¢, the distance in
pseudorapidity—azimuthal angle space. If the distance
between a parton and its reconstructed object ex-
ceeds 0.4 it is assumed that no association is possi-
ble. Further, no association is attempted if any of the
initial quarks after FSR has a 4-momentum outside
the acceptance range of the reconstruction.

3 Analysis

The analysis has three parts. In the first step all
events are required to pass a set of cuts in order to
reject most of the SM background and to ensure the
minimum prerequisites needed for subsequent recon-
struction.

The second part is intended to find the combina-
tion of jets that correctly reconstructs the two top
quarks and the charged Higgs present in the final
state of the signal process. For each event the most
likely correct combination is found with the help of a
selection procedure described in Sect. B.2. This likeli-
hood is referred to as the “combinatorial likelihood”.

Once the correct combination is found for each
event, a second likelihood selection, the “selection
likelihood” described in Sect. B3] aims at separat-
ing the signal from the SM background processes.

3.1 Preselection

In the preselection, events with a topology clearly
distinct from the signal topology are rejected. This
ensures that only the main backgrounds discussed in
Sect. [ need to be studied further. The preselection
requires:

— exactly 1 isolated lepton (I = e or u) with trans-
verse momentum p$. > 25 GeV, ph. > 20 GeV and
pseudorapidity |n| < 2.5,

— exactly 4 b-jets with |n| < 2.5 and pr > 20 GeV
and

— at least 2 light jets with |n| < 5 and py > 20 GeV.

In order to trigger on the signal events the detection
of a high—pr lepton is required. The cuts applied to
the pr and 7 of the isolated lepton are chosen such
that they meet the requirements of the ATLAS trigger
system. When running in the high luminosity option
the cut on the jets’ transverse momenta is increased
from plt > 20GeV to pl > 30 GeV. The efficiency
of the precuts for signal events depends on the as-
sumed charged Higgs mass and ranges from 1.78 %
for my+ = 200GeV to 4.41 % for my+ = 800 GeV.
The precut efficiencies are summarised in Table[3.
In order to reconstruct the leptonically decay-
ing W# (W) the 4-momentum of the daughter
neutrino needs to be reconstructed. The x— and y-—
components of the neutrino momentum are assumed
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Table 2. Summary of background MC samples studied in this analysis

Process Generator Cinel. [pb] generated events
gg — ttbb ACERMC 1.2 10.3 10M
qq — ttbb ACERMC 1.2 0.61 1M
99 — Z/y/W — ttbb AceErMC 1.2 1.1 1M
tt + jets HERWIG 6.5 405.0 50 M

Table 3. Preselection efficiencies for the different charged Higgs masses studied in this analysis. The efficiencies are
quoted for the low luminosity (LL) and the high luminosity (HL) option of the LHC

my+ [GeV] preselection efficiency, LL [%)] preselection efficiency, HL [%)]
200 1.783 £0.013 0.5687 £ 0.0075
250 3.171 £0.018 1.121 +0.011
300 3.577 £ 0.019 1.281 +0.011
350 3.738 £ 0.019 1.436 £0.012
400 3.932 £ 0.019 1.509 + 0.012
500 4.123 £ 0.020 1.644 + 0.013
600 4.281 +£0.020 1.715£0.013
700 4.363 £ 0.020 (not studied)
800 4.411 £0.021 1.872 +0.014

to coincide with the measured missing transverse mo-
mentum components piss and p;“iss respectively. The
z—component however can not be measured but must
be calculated by solving the equation:

miys = (B, + E)? = (p, +p1)°, with E, = |p,|.
This equation can result in two or zero real solu-
tions for p?. If two solutions are found, both are kept
for later evaluation in the event reconstruction algo-
rithm. However, in approximately 25 % of the events
no solution is found. In order to keep these events and
still be able to reconstruct the leptonically decaying
ngp in those otherwise fatal cases, the collinear ap-
proximation approach described in [19] is adopted:
p;, = p; is assumed if no solution can be found, and
the resulting W* 4-momentum is rescaled to match
mw=. This increases the ngp reconstruction effi-
ciency from 75 % to 100 % and only a small loss in the
resolution of the reconstructed leptonically decaying
tiep iS observed.

3.2 The combinatorial likelihood

The final state of the signal process () is quite com-
plex, featuring four b—jets, two light jets from the
hadronically decaying W* (Wi ;) and an isolated
lepton plus missing transverse momentum from the
leptonically decaying Wi(leép). Quark and gluon
jets from initial and final state radiation and the un-
derlying event are also present, increasing the jet mul-
tiplicity. Initially it is unknown which reconstructed

objects should be combined to reconstruct the two
Ws, the two top quarks, and finally the charged
Higgs boson. The combinatorial likelihood aims at
identifying the correct reconstructed objects to com-
bine and thereby making the correct reconstruction
of the whole event possible. In order to incorporate as
much information available from each event as pos-
sible a multivariate technique is chosen to find the
correct combination of reconstructed objects for each
event. We choose to implement a likelihood selection
distinguishing two classes where the first class rep-
resents the correct combination and the second class
all the wrong ones. The likelihood formalism used in
this analysis is outlined briefly in the following, gen-
eralising to n classes of events:

For each of the m observables z; used to distin-
guish between the n classes, the normalised probabil-
ity density functions (pdf)

wherei=1,...,mand j=1,...,n (5)

have to be determined. The probability that an event
belongs to class j when measuring the value x; for
variable ¢ is given by

J () — JHED)
pi( z) 2221 f,k(xl) (6)

The likelihood £ that an event belongs to class j when
measuring m variables x1, . .., Z,, is then given by the
normalised product of the probabilities (€] over all m
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Fig. 3. One of the possible Feynman diagrams for the
signal process gg — tbHT — bbbblrgq’, illustrating the la-
belling of the partons adopted in this analysis

variables:

[T»i )
[i— = (7)

n m
3 JFED)
k=11=1
The likelihood has values in the range 0,...,1. Infor-
mation about possible correlations between the input
variables is neglected by this procedure.

When constructing the pdfs for the combinato-
rial likelihood it is essential to know the correct as-
sociation of partons to reconstructed objects as de-
scribed in Sect. Z11 The fraction of signal events
passing the precuts for which a valid association to
partons is found depends on the charged Higgs mass
and ranges from 45 % at my+ = 200 GeV to 58 % at
my+ = 800 GeV. Only events having a valid parton
association can be used to obtain the pdfs for the
correct— and the wrong—combination class.

Any algorithm used to reconstruct the events
has a chance to find the correct combination only
if the correct four jets are b-tagged and the two
light jets originating from the hadronically decay-
ing W* pass the precut constraints. Of those events
passing the precuts and obtaining a valid associa-
tion to partons, only approximately 65 % fulfill this
requirement. This means that for ~ 35% of signal
events passing the precuts the completely correct re-
construction is doomed from the beginning.

The combinatorial likelihood is based on the fol-
lowing 9 variables, where the labelling of partons in
the signal process is illustrated in Fig. [3t

1. m;;: the invariant mass of any two light
jets. For the correct combination this mass
should be within the W* mass peak around

mwz+ = 80.4 GeV whereas the distribution of in-
variant masses of pairs of jets not originating from
a W is rather flat.

2. myjjp: the invariant mass of any two light jets and
one of the four b—jets. The correct combination
should reproduce the top mass. This variable aims
at correctly reconstructing the hadronically de-
caying top quark tpaq.

3. myup: the invariant mass of the isolated lepton,
one solution for the neutrino reconstructed as de-
scribed in (BI) and one of the b-jets. This variable
ailms at reconstructing the leptonically decaying
top quark tiep.

4. pr(be): the pr of the b—jet assumed to originate
from the charged Higgs decay.

5. pr(bo): the pr of the assumed companion b—jet
produced in the gg — tbH* process.

6. AR(j,7): AR between any two light jets. Like m;;
this variable helps to reconstruct Wffad.

7. AR(jj,b): AR between the sum of any two light
jets and a b-jet. Like m;; this variable is related
to the reconstruction of tyaq.

8. AR(l,b): AR between the isolated lepton and a b—
jet. Like my, this variable aims at reconstructing
tlep-

9. Aﬁ(bz, t1): AR between the b—jet and the top
quark candidate originating from the charged
Higgs decay. For the top quark candidate all pos-
sible modes of reconstructing a top quark are con-
sidered.

The probability density functions for the nine vari-
ables used in the combinatorial likelihood are gen-
erated for each charged Higgs mass hypothesis. Fig-
uredlshows the set of pdfs corresponding to a charged
Higgs mass of 400 GeV. Overflow bins are included in
the normalisation of the histograms and used when
calculating the combinatorial likelihood output.

The corresponding normalised likelihood distribu-
tions for the correct—combination class are shown in
Fig. Bl for the correct combination and all the wrong
ones. As expected, the distribution corresponding to
the correct combination peaks at 1 whereas the distri-
bution representing all the wrong combinations peaks
at 0. However, it is important to note the tail in the
distribution representing the wrong combinations up
to high likelihood values. The total number of com-
binations of the reconstructed objects to reconstruct
the event completely is given by

N =41 x (7;) x N, x 2,

where m is the number of light jets in the event and
N, is the number of solutions for the neutrino. The
4! represents the number of possibilities to order the
four b—jets and the factor of 2 reflects the possible
associations of Wliep and Wfad to the top quarks.
This number N depends on the number of light jets
in the event and is generally quite large. Hence the



K.A. Assamagan, N. Gollub: The ATLAS discovery potential for a heavy charged Higgs boson 31
F r 0.14F
& o6 £ o 2
£ i £ § £ ouof
0.1af [ 12F
= r = oaz = r
i oal i T i F
£ F £ o08F 5 o008
S 008 s L e
& T B 006 S 006
0.06 F [
r r .04
004 0.0aF :
002 0.02F 0.02~
L 1 Lot L L I I
% 20 40 60 8 100 120 140 %o %o 100 150 200 250 300
m;; [GeV] my,, [GeV]
ol Z 0 2 ouf
g g 018 g 012:—
< = 016 = r
2 & F 2
% i o14F i s
E 5 o T ool
= S 01f ] F g
4 4 E 4 L ]
= B 008 S 0.06 P -
0.061 0.04F- ol fey
F C [ b
iy 0.045 r
by £ 0.02-
AR, 0.021 L
LT e 5 I N NN AR s o ol il Lol | |
150 200 250 300 % " s0 100 150 200 250 300 % 05 1 15 2 25 3 35 a4
pr(b,) [GeV] pr(b) [GeV] ARGYH)
2 016 & o014 = r
g - F b
g ouaf 5 o1z g [
= F = = r
B onf Z ol £ o8- #
b= E b= F b= r £
< o1f = [ - = v
= F S 008 ! ] F o
2 F 2 o8 i £ 006 o
o 008 = L ) = [ e
2 r 2 0.06 2 F
0.06] L 0.04 B
F 0.0 r L
.04 F - [ o by
r " [ 0.02~ - L.,
0.02 o 0.02f . L i ey
C Toeg L femy L -
0 L : 07 vl b b b b L Ui vl b b b b Lo R
o 4 B 3 0 05 1L L5 2 25 3 35 4 45 5 0 05 1L L5 2 25 3 35 4 45 5
A RGj;b) AR(Lb) AR(b2,t1)

Fig. 4. The probability density functions for the nine variables used in the combinatorial likelihood for a charged
Higgs mass of my+ = 400 GeV. All distributions are normalised to unity including overflow bins. Correct combinations
are represented by a solid line, all wrong combinations by a dashed line

number of wrong combinations is large and the pos-
sibility of one of those wrong combinations having a
combinatorial likelihood output higher than the cor-
rect combination is not negligible, thus reducing the
probability of identifying the correct combination.
For each event the combination yielding the
highest correct-combination likelihood is treated as
the correct combination. Nevertheless, if this se-
lected combination yields a likelihood value below
0.7 the event is rejected. The efficiency of this cut
varies between 90 % for myg+ = 200 GeV and 95 % for
my= = 800 GeV for the signal process and is approx-
imately 85 % for the main gg — t#bb background.
The performance of the combinatorial likelihood
is checked using the Monte Carlo truth information
to associate the final state partons with the recon-
structed objects as described in Sect. An event

is classified as correctly reconstructed if the four b—
jets and the two light jets are correctly associated
with their corresponding final state partons and the
correct lepton is found to be isolated. Some perfor-
mance benchmarks of the combinatorial likelihood
are shown in Fig. [6] as a function of the charged
Higgs boson mass. The squares indicate the frac-
tion of correctly reconstructed hadronically decaying
W, referred to as purity in the following. This pu-
rity does not depend strongly on the charged Higgs
mass and lies between 53 % and 60 %. The purity of
reconstructing the two top quarks is represented by
the open circles. Here the purity depends strongly
on my+ and rises to values above 25% only for
charged Higgs masses either very close to m; or for
my+ > 700 GeV. Similar behaviour can be seen for
the purity of the charged Higgs boson (stars) and
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Fig. 5. The normalised combinatorial likelihood output distributions for the correct—combination class. The cor-
rect (solid) and the wrong (dashed) combinations are shown for a charged Higgs mass of my+ = 400 GeV. Only
combinations with a likelihood output larger than 0.7 are accepted

the whole event reconstruction (triangles). The only
variables used in the combinatorial likelihood that
depend strongly on my+ are variables 4 and 9. The
pr of the b—jet from the charged Higgs decay depends
strongly on the mass of the charged Higgs boson and
is well separated from the average pr of the other
b—jets in the event only for very small or quite large
charged Higgs masses. A similar statement applies to
the distance AR(bg2, 1) between the top quark and
the b—quark originating from the charged Higgs de-
cay. A light charged Higgs boson is produced with a
sizable boost and its decay products will have a small
distance in AR—space. On the other hand, a heavy
charged Higgs boson is produced nearly at rest and
hence the distance between its decay products will
be large. The mass dependence of the performance
of the combinatorial likelihood is mainly determined
by the mass dependence of variables 4 and 9.

It should be noted that in the mass region mpy+ =
250—-600 GeV the purity of the charged Higgs recon-
struction does not exceed 30%. As a consequence
the reconstructed charged Higgs mass is substantially
blurred by the combinatorial background. Hence the
detection of a clear mass peak in the reconstructed
charged Higgs mass distribution is difficult. The cor-
rect reconstruction of the whole event is important
for the performance of the selection likelihood dis-
cussed below, since it relies on the correct association
of reconstructed objects to the charged Higgs boson
and the top quarks. The ability to distinguish signal
from background processes is already diminished by
the imperfect performance of the combinatorial like-
lihood.

Before combining a W* and a b-quark to form
a reconstructed top quark, the W* 4-momentum
is scaled to reproduce myw+ = 80.4 GeV. The recon-
structed hadronic W and the two reconstructed top
masses for events passing the cut of 0.7 on the com-
binatorial likelihood output are shown in Fig. [7

Reconstructed charged Higgs masses are shown
for my= = 200, 400 and 800 GeV in Fig. 8l The solid
line represents the reconstructed mass obtained with
the combinatorial likelihood. To predict the detector
performance and to illustrate the effect of the combi-
natorial background the same distributions are also
shown using the Monte Carlo truth information to
select the correct combination of reconstructed ob-
jects as the dashed lines. The effect of the combina-
torial background is clearly visible as a tail in the
reconstructed charged Higgs mass distribution, espe-
cially toward higher reconstructed masses. For higher
charged Higgs masses detector effects become more
prominent. Even when the MC truth information
is included a large tail toward lower reconstructed
masses develops.

3.3 The selection likelihood

To enhance the signal and suppress the Standard
Model background a second likelihood selection is
implemented. The selection likelihood distinguishes
three classes of events: 1) the gg — tbH* signal pro-
cess, 2) the gg/qq — ttbb background, and 3) the
99 — Z/~/W — ttbb background process and is im-
plemented using the same formalism as described in
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Sect. B2l It exploits differences between the distri-
butions of the signal and the Standard Model back-
grounds in the following four variables:

1. Mpyp,: the invariant mass of the two b-jets not
originating from a top quark decay. In the sig-
nal events one of the jets originates from a heavy
charged Higgs boson whereas in the background
processes both b—jets originate from gluon split-
ting. Hence the invariant mass of the two jets is
expected to be lower in background than in signal
events.

2. cosf(bg, b2): the cosine of the angle between the
two b—jets not originating from a top quark decay.
Since the two b—jets originate from gluon splitting
for the background processes they are expected
to be collinear whereas the distribution should be
flat for the signal process.

3. cos0(bg+bsy): the cosine of the azimuthal angle of
the by + b2 jet system.

4. cos 9(tboost7Hirecon): the cosine of the angle be-
tween the reconstructed charged Higgs boson mo-
mentum and the reconstructed top quark associ-
ated with its decay, where the reconstructed top
quark 4-momentum is boosted into the charged
Higgs boson rest frame.

The corresponding probability density distributions
are generated for each charged Higgs mass hypothesis
separately, using the event reconstruction provided
by the combinatorial likelihood in the previous step.
Figure Ol shows the set of pdfs for my+ =600 GeV.

Variables related to transverse momenta or invari-
ant masses of jet systems tend to shift the background
peak in the reconstructed charged Higgs mass dis-
tribution towards the nominal charged Higgs mass.
Therefore only variables involving angular correla-
tions are used in the selection likelihood. The only
exception is my,p, for which it has been demonstrated
that no such shift occurs for cuts of less than 0.4 on
the resulting selection likelihood.

The normalised selection likelihood output dis-
tributions for the signal class and assuming
my+ = 600 GeV are shown in Fig.[T0l These distribu-
tions are calculated for each charged Higgs mass un-
der consideration. Signal events are separated from
the Standard Model background by selecting only
those events yielding a selection likelihood output
larger than 0.2. This optimal cut value is found by
varying the cut on the likelihood output in steps of
0.05 and requiring the method to yield the highest
discovery potential over the selected range of charged
Higgs masses. Figure [Tl shows the resulting recon-
structed charged Higgs mass distribution for a choice
of charged Higgs masses. Here an integrated luminos-
ity of £ =30fb~" and tans = 80 is assumed. Only a
slight shift of the peak in the reconstructed charged
Higgs boson mass for the backgrounds is observed for
growing myg+. For myp+ 2 400 GeV the peaks in the
reconstructed charged Higgs mass for the signal and
the background processes can be separated.

All events within a mass window of +100GeV
around the nominal charged Higgs mass are selected.
The width of the mass window has little influence on
the discovery potential and hence is not optimised.
The number of selected signal and background events
is then treated like in a simple counting experiment
and the Poisson significance is calculated for each
charged Higgs mass and value of tan3. The result-
ing 50 discovery contour is presented and discussed
in the next section.

Figure summarises the signal selection ef-
ficiency and the expected number of background
events after all cuts have been made for the whole
range of charged Higgs masses studied. The signal se-
lection efficiency lies within 1.4 — 2.7 % and reaches
its maximum around my+ =~ 300 GeV.

4 Results

The results of the analysis are described in this
section in terms of 5o discovery contours in the
(ma,tanf3) plane. They are presented for integrated
luminosities of 30fb~! for the low luminosity option
and 300fb~! for the high luminosity option of the
LHC. In the latter case a b—tag efficiency of ¢, = 0.5

is assumed and the p® cut on all jets is raised to

pjiﬁt > 30GeV. The degradation of jet—energy mea-
surements due to pile—up is taken into account. Fig-
ure shows the expected discovery contours tak-
ing no systematic uncertainties into account. The
charged Higgs boson can be detected for tang3 values
down to 35 for mypg+ =~ 250 GeV based on an inte-
grated luminosity of 30 fb~!. For the high luminosity
option and 300fb™! the reach in tan8 goes down to
approximately 28 for the same charged Higgs mass
region. The analysis presented here depends heavily
on the b-tagging performance and the reconstruction
of jets with a relatively low pp. This explains why
only a small improvement in the discovery potential
is observed when switching to the high luminosity
option.

The uncertainty in the prediction of the signal
and background cross sections due to the choice of
QCD scale and running or pole b—quark masses is
quite large as already discussed in Sect. 2. Figure [I4]
shows some cross section predictions obtained with
HERWIG 6.5 for the gg — tbH* process, assuming
different QCD scales and my evaluations. The lower
three curves represent cross section predictions for a
running b—quark mass and renormalisation and fac-
torisation scales of p% = p% = (mr(t) + mr(b))?/4,
(m2.(t) + m3(5)/2, and  (mgs +mq +my)
Whereas only a small difference is observed be-
tween the predictions of the first two choices, a
rather large reduction in the expected signal cross
section is observed if a QCD scale of mp+ + my + my
is assumed. However, NLO calculations for the 2 — 2
process gb — tH* [20] and the gg — ttH process [12]
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show that this choice of scale might be too high.
The same studies show also that the cross sections
are likely to be overestimated when using a pole
b—quark mass. We therefore adopt a running b—mass,
ensuring K—factors larger than 1. To illustrate the
effect of a larger signal cross section prediction we
nevertheless show the cross sections expected when
assuming a b-quark pole mass in the uppermost
curve in Fig.[I4 and the corresponding improvement
in the discovery contour in Fig. (left plot). The
latter plot shows that improvements in the discovery
potential due to K-factors > 1 might be sizable.
The main gg/qq — ttbb background cross section
prediction is also very sensitive to the QCD scale [15]
and the uncertainties on the cross section predic-
tion are of the same order as for the signal process.
However, here we will assume that the background
cross section can be measured using side-bands in
the reconstructed mass distribution which are rel-

atively signal-free. The precision of this procedure
depends on the charged Higgs mass and on the in-
tegrated luminosity available. No detailed study is
conducted here, but to give some indication of how
the discovery potential is affected by this uncertainty
on the expected Standard Model background, we as-
sume an uncertainty of 5-10% in the background
normalisation, guided by the studies done in [19].
If the background MC samples produced with Ac-
ERMC are passed to PYTHIA for string fragmenta-
tion and hadronisation instead of HERWIG’s cluster
fragmentation, differences between 5% and 10 % are
observed in the background prediction, depending on
the charged Higgs mass.

To illustrate the effects of uncertainties on the
Standard Model background prediction of this order
of magnitude, we show the effect of 5% and 10%
uncertainties on the discovery potential in Fig.
Again, the corrections are found to be sizable.
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5 Conclusion and outlook

This note analyses the discovery potential for a
charged Higgs boson heavier than the top quark pro-
duced in the 2 — 3 process gg — tbHE. The subse-
quent decay to heavy quarks HT — tb is considered,
leading to a final state consisting of four b—jets, two
light jets and one electron or muon plus missing en-
ergy. The whole production and decay chain reads
gg — tbH* — ttbb — bbbblvgq'. Studying the 2 — 3
process offers the possibility to detect four b—jets
in the final state and thereby reduce the Standard
Model background considerably compared to case in
which the 2 — 2 production process gb — tH* is con-
sidered.

One of the main difficulties to overcome when
trying to reconstruct signal events is the high num-
ber of possible combinations of paired reconstructed
objects in order to reconstruct the charged Higgs
boson. It is shown that the reconstruction is possi-
ble by employing multivariate techniques, in which
angular correlations are also taken into account.
By employing a likelihood selection separating the
Standard Model background from signal events,
it is possible to detect the charged Higgs boson
in the gg — tbH* — ttbb — bbbblrgq' channel down
to values of tanf = 28 for charged Higgs masses
around 250 GeV assuming an integrated luminosity
of 300 fb~!. However, the theoretical uncertainties re-
lated to the cross section predictions for both the
signal process and the main Standard Model back-

ground are quite large and lead to a sizable un-
certainty in the expected discovery contour in the
(ma, tang) plane. NLO corrections to the signal cross
section might result in an improvement in the discov-
ery potential whereas expected uncertainties when
measuring the Standard Model background contri-
bution will degrade the result. We present the 50
discovery contour in Fig. I3l using a running b—quark
mass and p% = p% = (mk(t) + m%(b))/2 and taking
no systematic uncertainties on the background nor-
malisation into account.

The goal of this analysis was to utilise the de-
tection of the fourth b—jet in the signal process in
order to extend the discovery region for the charged
Higgs boson at high charged Higgs masses as sug-
gested in [9]. This analysis shows that the encourag-
ing results obtained in [9] do not hold when detector
effects and mis-tagging of b—jets are more properly
taken into account.

A direct comparison to a previous analysis [§]
where the 2 — 2 production process gb — tH* was
used to produce a heavy charged Higgs boson which
subsequently also decays to heavy quarks, Ht — tb,
is not possible at this stage, since the cross section
predictions and production mechanisms for the Stan-
dard Model backgrounds that are assumed in the two
cases are different.

Finally it should be noted that the results pre-
sented here might be subject to another large sys-
tematic effect. As was mentioned in Sect.[2] the b-tag
efficiencies and rejection factors assumed are static,
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i.e. they do not depend on 7 nor on the pr of the jet
under consideration. This is clearly a rather crude
approximation especially in the present analysis for
which the detection of 4 b—jets is crucial. More reli-
able results should be possible in the future using a
more accurate (pr,n)—-dependent parametrisation for
the b—tagging efficiency.
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