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Abstract

The sensitivity of the ATLAS detector to the discovery of a heavy charged Higgs boson is
presented. Assuming a heavy SUSY spectrum, the most promising channels above the top
quark mass are H* — tb and H* — 7%, which provide coverage in the low and high tan 3
regious up to ~ 600 GeV. The achievable precisions on the charged Higgs mass and tan 3
determination are also discussed. The H* — W*h0 channel, though restricted to a small
MSSM parameter space, shows a viable signal in NMSSM where the parameter space is less
constrained. The observation of the channel H~ — 77 v + c.c. may constitute a distinctive
evidence for models with singlet neutrinos in large extra dimensions.
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The sensitivity of the ATLAS detector to the discovery of a heavy charged Higgs boson is pre-
sented. Assuming a heavy SUSY spectrum. the most promising channels above the top quark mass
are H¥ — tb and H* — 7%u, which provide coverage in the low and high tan g regions up to
~ 600 GeV. The achievable precisions on the charged Higgs mass and tan g determination are also
discussed. The HE — W*R® channel, though restricted to a small MSSM parameter space, shows
a viable signal in NMSSM where the parameter space is less constrained. The observation of the
channel H™ — 7 v7 + c.c. may constitute a distinctive evidence for models with singlet neutrinos

in large extra dimensions.
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I. INTRODUCTION

In the Standard Model (SM), one scalar doublet is re-
sponsible for the electroweak symmetry breaking, lead-
ing to the prediction of one neutral scalar particle in the
physical spectrum, the Higgs boson. The spectrum of
many extensions to the SM includes a charged Higgs
state. We consider as a prototype of these models the
two-Higgs Doublet Model of type II (2HDM-II), where
the Higgs doublet with hypercharge —1/2 couples only to
right-handed up—type quarks and neutrinos whereas the
+1/2 doublet couples only to right-handed charged lep-
tons and down—type quarks; an example is the Minimal
Supersymmetric Standard Model (MSSM). In the follow-
ing we will use the vacuum expectation values (VEV)
v =~ 246 GeV of the SM and vy (VEV of the +1/2 dou-
blet) and vy (VEV of the —1/2 doublet) of the 2HDM.
They relate to each other as:

— =/ U% + v tanf8 = = 1
75 = Vi p=2 1)

and the tree level relation to the W mass is m}, =
g*v?/4 = g?(v? + v3)/2. In the 2HDM models, the two
complex Higgs doublets correspond to eight scalar states.
Symmetry breaking leads to five Higgs bosons, three neu-
tral (two CP-even h, H and one CP-odd A) and a charged
pair, H* [1]. At tree level, the Higgs sector of the MSSM
is specified by two parameters, generally taken as ma,
the mass of the CP-odd Higgs A and tan g, the ratio of
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the vacuum expectation values of the two Higgs doublets.
However, radiative corrections can modify tree level re-
lations significantly - the most affected is the mass of
the lightest CP-even Higgs which is constrained at tree
level to be below mz but with radiative corrections, the
upper bound is shifted to ~ 135 GeV [2]. While the neu-
tral Higgs bosons may be difficult to distinguish from the
one of the SM, the charged Higgs bosons are a distinctive
signal of physics beyond the SM. The detection of a H*
may therefore play an important role in the discovery of
an extended Higgs sector, such as the one required by the
MSSM.

LEP searches have yielded a lower bound of 114.1 GeV
on the mass of the SM Higgs boson with a 2.1-¢ evidence
for a 115.6 GeV Higgs [3]. An upper bound of 196 GeV
on the SM Higgs boson mass is inferred from global fits
to precision electroweak data [5]. At the Tevatron Run 1,
the SM Higgs boson has been searched for in the process
qd — Z(W)H where the associated vector boson pro-
vides a suppression of the backgrounds. These searches
vield no evidence of the Higgs as the observed events
are consistent with expectation from the backgrounds [6].
The search for the SM Higgs boson will be continued at
the Tevatron where the mass range covered will be ex-
tended to ~ 170 GeV with an integrated luminosity of
up to ~ 40 fb~1. At the LHC (Large Hadron Collider),
a SM Higgs signal can be observed with a significance of
more than 5o after just several months of data taking (<
10 th=1).

In the MSSM, lower bounds of 91.0 and 91.9 GeV on
the masses of the lightest CP-even Higgs h and the CP-
odd Higgs 4 have been set in the experimental searches
at LEP. Further, the tan g regions of 0.5 < tangd < 2.4
and 0.7 < tan g < 10.5 are excluded at 95% confidence
level for the maximum my and the no-mixing scenarios



respectively [3]. In addition, a large area of the 2HDM-II
parameter space has been scanned leading to the exclu-
sion at 95% CL of significant regions of the (mp, ma),
(mp, tanB) and (mg4, tanf) projections. Within the
scanned parameter space, the region 1 S mp S 44 GeV
and 12 S ma S 56 GeV is excluded at 95% CL indepen-
dent of tan 8 and « [4]. A model-independent interpre-
tation, with no assumption made on the structure of the
Higgs sector, was also conducted at LEP. Lower bounds
are set at 95% CL on the masses of the scalar and pseudo-
scalar neutral Higgs bosons SY and P® — in the search for
the generic processes ete™ — S9Z0 and ete™ — SOPU
— depending on the assumed values of the scale factors s2
and c?, and of the branching ratios [4]. At the Tevatron,
the lightest Higgs boson of MSSM has been searched for
in the process pp — bbh (h — bb). These searches ex-
cluded the large tan g region (tan S > 35) not accessible
at LEP [6].

In the MSSM, the charged Higgs mass at tree level,
mgs, is related to m4 as:

mys =miy +m? (2)

and is less sensitive to radiative corrections [7]. At LEP,
the main production mechanism of the charged Higgs is
ete” — HTH—. Direct searches of the charged Higgs
at LEP have been carried in the general 2HDM (where
mp+ is not constrained) assuming H¥ — 7F v, (¢5) and
H~ — 771, (&s). These searches yielded a lower bound
of 78.6 GeV on the charged Higgs mass independent of
the H* — 7%v, branching ratio [8]. At the Tevatron,
CDF and D@ performed direct and indirect searches for
the charged Higgs through the process pp — #f, with at
least one top quark decaying via t — HTb. The direct
searches seek the process H¥ — 7%y, with the identi-
fication of the 7 lepton through its hadronic decays. In
the indirect searches, CDF and D looked for a deficit
in the SM t decays caused by the possible existence of
t — H*b. These searches excluded the low and high
tan 3 regions up to ~ 160 GeV [9]. Other experimen-
tal bounds on the charged Higgs mass come from pro-
cesses where the charged Higgs enters as a virtual parti-
cle. One such process is the b — sy decay where indirect
limits are obtained from the measurement of the decay
rate [10]. However, these bounds are strongly model de-
pendent [11, 12].

The search for the charged Higgs boson will be con-
tinued above the top quark mass. The main production
mechanisms would be the 2 — 3 process gg — tbH=T
and the 2 — 2 process gb — tH¥* shown in Fig. 1 [13].
Additional production mechanisms come from the Drell-
Yan type process gg, qf — HTH™ [14], and the asso-
ciated production with a W boson, ¢ — HETWT [15].
However, in the former case, the rate is rather low at
the LHC either because of weak couplings and low quark
luminosity or the process is induced by loops of heavy
quarks and therefore suppressed by additional factors of
electroweak couplings; in the latter case, the rate is also
somewhat lower at the LHC and this channel suffers from

/ 3’ )’}7}2{ P Jd’)—d_ 7 g
T e
gg —>tH'b gb—>tH"

FIG. 1: The charged Higgs production at the LHC through
the 2 — 3 process, gg — thH* and the 2 — 2 process,
gb — tH*. The inclusive cross section is the sum of both
contributions after the subtraction of the common terms.

the large irreducible #f and QCD jet backgrounds [16].
The main production mechanisms, i.e., the 2 — 3 and
the 2 — 2 processes, partially overlap when the former
is obtained from the latter by a gluon splitting into a
b-quark pair. When summing both contributions, care
must be taken to avoid double counting. The difference
between the two processes is well understood and the
inclusive cross section is obtained from a proper subtrac-
tion of the common logarithmic terms [17, 18, 19, 20].
Assuming a heavy SUSY spectrum, the charged Higgs
will decay only into SM particles as shown in Fig. 2 [21]
for the maximal stop mixing scenario. For low values of
tan 3, below the top quark mass, the main decay channels
are HE¥ — 1%y, ¢§, WhO and £*b; above the top quark
mass, the HE — tb decay mode becomes dominant. For
high values of tan 3, the H = - ¥y, and HY — tb are
the only dominant decay modes.

In this paper, we summarise the sensitivity of the AT-
LAS detector at the LHC to the discovery of a heavy
charged Higgs, with emphasis on the region above the
top guark mass, my+ > m; (some of the results pre-
sented here have already been published in earlier pa-
pers [22, 23, 24, 25, 26]).

These studies have been carried out as particle level
event generation in PYTHIAS.7 and PYTHIA6.1 [27], at
Vv$ =14 TeV, with the detector resolutions aud efficien-
cies parameterised in ATLFAST [28] from full detector
simulations. We used the CTEQ2L and CTEQSL par-
ton distribution function parametrisations [29] and the
charged Higgs mass is calculated to 1-loop with Feyu-
HiggsFast [30].

In section II, we describe briefly the ATLAS detec-
tor and the performance of the detector components nec-
essary for the discovery of the charged Higgs discovery.
In section III, we discuss the possibility to detect the
process HE — tb, followed by H* — r*u. in section
IV. Then, we discuss the process H* — W*h? and we
give the expected achievable precisions on the charged
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FIG. 2: The branching ratios of the charged decays in SM
particles as a function of my+ for tan 3 = 1.5 (top plot) and
tan 8 = 30 (bottom plot). The most dominant decay channels
are HT — 7%y, and H* — tb.

Higgs mass and tan g determination. The detection of a
charged Higgs signal in models with singlet neutrinos in
large extra dimensions is discussed in section VII. Then,
a discussion on charged Higgs decay to supersymmetric
particles and charged Higgs production from SUSY cas-
cade decays is presented followed by concluding remarks.

II. DETECTOR DESCRIPTION AND
PERFORMANCE

The ATLAS detector is a general purpose detector de-
signed and optimised to be sensitive to a wide range of
physics issues to be explored at the LHC such as the
origin of mass at the electroweak scale. The detector
itself consists of an inner detector, electromagnetic and
hadronic calorimeters, a stand-alone muon spectrometer
and a magnet system.

The inner detector comprises discrete high resolution
semiconductor pixel and strip detectors in the inner sec-
tion, and a straw tube tracking detector with the ca-
pability for transition radiation detection in the outer
part. The inner detector provides pattern recognition,
momentum and vertex measurements, and electron iden-
tification.

The calorimeter consists of a highly segmented elec-
tromagnetic (EM) sampling calorimeter followed by a
hadronic calorimeter (HAD). The EM calorimeter is a
lead/liquid argon detector with accordion shaped kap-
ton electrodes and lead absorber plates providing elec-
tron and photon identification and measurements. This

is complemented by hermetic hadronic calorimeters for
jets and missing energy measurements. The HAD cov-
ers the range || < 5 with different detector technologies
best suited to the variety of requirements and radiation
environments. They consist of a barrel sampling detec-
tor using iron as the absorber and scintillating tiles as the
active material, end-cap calorimeters with copper/liquid
argon technology, and a forward calorimeter using liquid
argon with rod-shaped electrodes in a tungsten matrix.

The calorimeter is surrounded by a stand-alone muon
spectrometer whose design is based on the deflection of
muon tracks in large super-conducting magnets. It con-
sists of four different chamber technologies, two of which
are for precision measurements of muon track parame-
ters and the other two for triggering. In the barrel sec-
tion, resistive plate chambers provide the trigger function
whereas in the end-caps, this is done by thin gap cham-
bers. Precision measurements of tracks are done with
monitored drift tubes, however at large pseudo-rapidity
and close to the interaction point, highly granular cath-
ode strip chambers are used to withstand the rate and
the background conditions. The muon spectrometer pro-
vides precision measurements of muon momenta and the
capability for low-pr trigger at low luminosity.

The magnet system consists of a central solenoid which
provides a 2 Tesla magnetic field for the inner detector,
surrounded by a system of three large super-conducting
air-core toroids generating the magnetic field for the
muon spectrometer.

Further details on the detector design and optimisation
including the trigger and data acquisition system are well
documented in [31, 32]. The detection of a charged Higgs
signal would depend on many crucial ATLAS detector
performance parameters, namely [32, 33]:

e 7-jet reconstruction and rejection against QCD jets
(for a 7-jet reconstruction efficiency of 30%, a jet
rejection factor of ~ 400 can be achieved).

e Good E3s resolution as the pB's® vector and the
reconstructed T-jet will be used for the transverse
mass reconstruction of H¥ — rty, — Emiss reg
olutions of 20-100 GeV are expected based on full
detector siinulations of A/H — 77 events in the
mass range 100-500 GeV.

e A b-tagging performance of 60% (50%) at low
(high) luminosity is expected and necessary for the
recoustruction H* — tb and H* — W*h0 (— bh)
which contain several b-jets in the final state.

o Excellent jet reconstruction and calibration would
also be needed as the reconstruction of W — 57 is
necessary for the observation of the signals studied
herein.

Finally an isolated lepton (e or p) trigger is needed
for H* — tb and H*¥ — W=hA? and a lepton iden-
tification efficiency of 90% is expected. For the
H* — 7ty a multi-jet trigger (and possibly a



T trigger) would be necessary. Such a trigger will
be available, not just for the charged Higgs, but
also for many other important physics studies.

The ATLFAST [28] simulation code used for the
present work has been carefully verified with fully recon-
structed results. Performance figures are well reproduced
and we expect only slightly worse performance with the
real ATLAS detector.

III. THE HT — tb CHANNEL

The region my= > m; was at first considered problem-
atic, as the large decay mode HE — tb has large QCD
backgrounds at hadron colliders. However the possibility
of efficient b-tagging has considerably improved the sit-
uation [34]. The interaction term of the charged Higgs
with the t and b quarks in the 2HDM of type II is given
by:

L = Vs H T E (my cot B(1 — s)

g
2v/2 myy
+ mptanB(l +v5)) b+ h.c. (3)

We consider therefore the large 2 — 2 hadroproduction
process gb — tH* (see Fig. 1) with decay mechanism
H#* — tb. The cross section for gb — tH* can be written
as:

o(gb — tH*) o« m2 cot? B + mj tan® 8. (4)
The decay width of H~ — b is given by:

3
T(H™ — ) ~ g’zgj

m?2 m? Am2m?
i b U
x |1—- — —
m2 m?2 2
H* HE
1/2

mye + 212 m m 2

Y ; T — 4

% [1 — (f—mb> } [1_ (_t__ﬁ> } (5)
M my+

where the factor 3 takes into account the number of
colours. The final state of the 2 — 2 hadroproduction
process contains two top quarks, one of which is required
to decay semi-leptonically to provide the trigger, ¢ — (vb
(I = e, u) and the other hadronically, # — jjb. The
main background comes from #£b and tfq production with
tf — WHWb — lvbjjb. The rates for the signal and the
backgrounds are shown in Table I.

We search for an isolated lepton, three b-tagged jets
and at least two non b-jets. We retain the jet-jet com-
binations whose invariant masses are consistent with the
W-boson mass, |mw — mj;| < 25 GeV (for the events
satisfying this requirement, the 4-momenta of the jets
are rescaled such that mj; = my) and we use the W-
boson mass constraint to find the longitudinal compo-
nent of the neutrino momentum, W* — [v, assuming
the missing transverse momentum is the neutrino trans-
verse momentum. Subsequently, the two top quarks in

[ (m? cot® B + m tan® B)
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FIG. 3: The signaltbackground (solid line) and the back-
ground (dashed line) distributions for the reconstructed in-
variant mass mes of a Higgs mass of 200, 250, 300 and
400 GeV, tan § = 30 and an integrated luminosity of 30 fb™!.
The errors are statistical only.

the spectrumn are reconstructed, retaining the pair of top
quarks whose invariant masses my,p and mg;p best min-
imise x2 = (m¢ — myup)? + (M — my;p)?. The remaining
b-jet can be paired with either top quark to give two
charged Higgs candidates, one of which leads to a com-
binatorial background.

Above mgz = 300 GeV, the reduced signal rate and
the combinatorial background make the observation of
this channel difficult. Below a charged Higgs mass of
300 GeV, this channel may be observed above the b plus
ttg background. The results for mpy+ = 200 — 400 GeV
are shown in Fig. 3. At high values of tang (> 25),
sensitivity is expected up to 400 GeV as shown in Ta-
ble II. The 5-¢ discovery contour for H* — tb is shown
in Fig 9. This analysis is presented extensively in [22].

IV. THE HT — rTu, CHANNEL

The rv decay channel offers a high pr of the 7 and large
missing energy signature that can be discovered at LHC
over a vast region of the parameter space [35]. The events
are generated in PYTHIA using the process gb — tH*.
The associated top quark is required to decay hadroni-
cally, t — 7jb. The charged Higgs decays into a 7 lepton,
H* — 7%, and the hadronic decays of the 7 are con-
sidered. The backgrounds considered are QCD, Wjets,
single top production Wt, and tf, with one W — jj and
the other W& — 7£u,. Table III shows the rates for the
signal and the backgrounds as a function of mg+ and



(1

TABLE I: The expected rates (¢ x BR, in pb) — for the signal bg — HEt —> lwbjjbb and the
tth + t fq background for several values of m =+ and tan 3.

Process mygx (GeV) tan/ = 1.5 tand = 10 tan 4 = 30
bg — H=t — lvbjjbb 200 3.4 0.4 1.6

250 2.0 0.18 1.2

300 1.2 0.14 1.0

400 0.54 0.08 0.4

500 0.3 0.04 0.2
t— jjbWb(W — lv) 228 228 228

TABLE IT: Sensitivity of the ATLAS detector (S/v/B) to the observation of the charged Higgs
through H* — tb. Discovery is possible in the low (< 2.5) and the high (> 25) tan 3 regions

up to 400 GeV

myx (GeV) tanf3 =1 tan G =2 tan = 10 tan 3 = 25 tan 3 = 35
200 11.5 5.3 1.3 2.9 5.5

250 19.6 6.1 1.1 5.1 11.1

300 13.8 5.2 1.1 4.9 9.9

400 7.7 2.8 0.5 2.3 4.7

tan f.
The width of the process H* — 7%v, is:

— — Mg+ : 2
H - 717v) > 5 ;;2 [mf. tan® g

2 a2
x <1— D )] <1— A ) . (6)
s mi.

If the decay H* — tb is kinematically allowed, comparing
(6) with (5) one can have a rough estimate of the H* —
7% v, branching ratio BR,:

T(H* — t%u,)
[(H* — tb) + T(H* — 7%v;)
_ m? tan? 3 (7)
"~ 3(micot? 3+ mitan? B) + m2 tan’ g’
+

BR, ~

A measurement of the signal rate in H* — 7%v. can
allow a determination of tan g (see section VIC for de-

tails).
The distributions of one-prong hadronic decays of 7’s,
= wtu, (11.1%) (8)
™ = pr (= 1), (25.2%)
™ = o (= 2E 070, (9.0%),

are sensitive to the polarisation state of the 7 lepton [36,
37, 38]. In fact, it is to be noted that the spin state of 77s
coming from H*- and W*-boson decays are opposite as
illustrated in Fig. 6. This is true for the case of one-prong
decays into both 7%'s and longitudinal vector mesons,
while the transverse component of the latter dilutes the
effect and must be somehow eliminated by requiring that
80% of the 7-jet (transverse) energy is carried away by
the 7%, i.e.:

at

R= > 0.8. (9)

»
T

Alternatively, one can demand a hard distribution in Apr
which is the difference in the momenta of the charged
track and the accompanying neutral pion(s) [36],
Apr = Ipf —pF | (10)
Ultimately, the polarisation effect leads to a signifi-
cantly harder momentum distribution of charged pions
from 7 decays for the H* signal compared to the W=
background, which can then be exploited to increase
the signal-to-background ratios and the signal signifi-
cances [36, 37, 38] by reducing the background and en-
hancing the signal [23]. We have included the 7 polarisa-
tion into PYTHIA through the TAUOLA [39] simulation
code and considered all the hadronic decays of the 7 lep-
ton.
We search for one hadronic 7 jet and at least three non
T jets, one of which must be a b-tagged jet. Further, we
apply a b-jet veto to reject the tf background. As there
is no isolated lepton (electron or muon) in the final state,
the observation of this channel requires a multi-jet trig-
ger with a 7 trigger. After reconstructing the jet-jet in-
variant mass m; and retaining the candidates consistent
with the W-boson mass, the jet 4-momenta are rescaled
as done in the H* — tb analysis and the associated top
quark is reconstructed by minimising x? = (b — mg)2.
Subsequently, a sufficiently high threshold on the pp of
the 7 jet is required. The background events satisfying
this cut need a large boost from the W boson. This
results in a small azimuthal opening angle A¢ between
the 7 jet and the missing momentum p,.. In contrast,
such a boost is not required from the H* for the sig-
nal events, leading to a backward peak in the azimuthal
opening angle [23]. Furthermore, the missing momentum
is harder for the signal. The difference between signal
and background distributions in the azimuthal angle and
the missing momentum increases with increasing mpgz.



TABLE III: The expected rates (o x BR), for the signal gb — tH* with
H* — 7%y and t — jjb, and for the backgrounds: QUD, Wjets, Wtb
and tf with ¢ — 7vb and £ — jjb. We agsuine an inclusive tf production
cross section of 590 pb. Other cross sections are taken from PYTHIA. The
branching fractions of H*¥ — 7%u. are obtained from HDECAY [21], and
we take the W — jj branching ratio to be 2/3.

Process tan 8 mgt (GeV) o x BR (pb)
Signal 15 180 1.33

30 200 2.23

40 250 0.91

45 300 0.54

25 350 0.10

35 400 0.13

60 450 0.23

50 500 0.11
tt 34.11
Wt (pr > 30 GeV) 56.9
Wjets (pr > 30 GeV) 1.64 10*
QCD (pr > 10 GeV) .04 10°

gh—tH?*, t—jjb, H' —1v

s 10 1T —
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FIG. 4: The final transverse mass mr reconstruction for the
signal and the backgrounds taking into account the polarisa-
tion of the 7 lepton, for an integrated luminosity of 30 fb™*.

These effects are well cumulated in the transverse mass

mp = \/QpﬁﬁT [1 — cos(Ag)], (11)
which provides a good discrimination between the sig-
nal and the backgrounds as shown in Fig 4 — the full
invariant mass is not reconstructed in this case because
of the neutrino in the final state. For the backgrounds,
the transverse mass is kinernatically counstrained to be
smaller than myy but for the signal, the transverse mass
is bound from above by mg+. However, because of the

experimental resolution of ERS, some leakage of the
background events into the signal region is observed (see
Fig. 4). The backgrounds in this channel are relatively
small; significances upwards of 50 can be achieved for
mgs > my and tan g > 10, for an integrated luminosity
of 30 fb~! as shown in Table IV. The discovery contour
for this channel is shown in Fig. 9. In fact, the range
of discovery potential is solely limited by the signal size
itself. The present study shows a statistically significant
improvement in the signal-to-background ratios and in
the signal significances due to the 7 polarisation effect
but it is not necessary to restrict oueself to just the one-
prong decays. Details of this study are available in [23].

V. THE HT — W*h? CHANNEL

Thus far, the study of the discovery potential of the
charged Higgs with ATLAS has concentrated mainly on
the fermionic decays modes — H* — tb and H* —
rty, [22, 23, 40]. In this section, the discovery potential
of the charged Higgs with the ATLAS detector through
the process HT — W=*hY is studied. The decay width of
H™ - WA is:

cos?(f — )
16 wv?
1/2

mp + my 22 m mw 2
o ll 3 ( h +my ) } ll 3 < h -w> ] (12)
Mg+ Mg+

where « is the Higgs mixing angle in the CP-even sector.
In the MSSM one can easily verify that the maximum
value of cos?(8 — &) at fixed tan 3 is cos? 23 and occurs
in the limit mpy+ — mw. Therefore the expectation
of a heavy charged Higgs implies a small coupling for
this channel. Though significant only in a tiny range of
MSSM parameter space [41], this channel constitutes a

T(H™ — W~ h") ~



TABLE IV: The expected signal-to-background ratios and significances calculated after
all cuts for an integrated luminosity of 30 fb~*. The backgrounds are relatively small; in
fact, it is the size of the signal itself that limits the range of the discovery potential.

tan g 30 40 45 25 35 60 50
myx (GeV) 200 250 300 350 400 450 500
Signal events 46.3 603 70.5 188 306 669 36.2
tt 31 31 3.1 3.1 31 3.1 3.1
Wt 3.2 3.2 3.2 3.2 3.2 3.2 3.2
W4-jets 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Total background 6.7 6.7 6.7 6.7 6.7 6.7 6.7
S/B 6.9 9.0 105 2.8 4.6 10.0 54
5/vB 179 233 272 7.3 11.8 258 140

unique test for the MSSM and is also sensitive to the
next-to-minimal extension to the MSSM, i.e., NMSSM,
where there may be a significant range of viability below
and above the top quark mass [42].

A, HE* - W*R®, mys < m

Below the top quark mass, we consider # production
with one top quark decaying into a W boson and the
other into the charged Higgs. The characteristics of the
production and decay processes are:

99(qq) — tt
t — H*D
t— Wh
H* — W*ho. (13)
Thus, the spectrum contains two W bosons, one of which
is off mass shell, and four b-quarks due to the subsequent
decay h® — bb. In the present analysis, one of the W’s is
required to decay into leptons (e, ), and the other into
jets. The major background to this process comes from
ttbb and ttqg production where both top quarks decay
into W's. We search for an isolated lepton, four b-tagged
jets and at least two non b-jets. Two possible scenarios
are considered on an event by event basis:
W* —= v W — jj (14)

or
W= — jj W — v (15)
If the on-shell W boson decays into leptons, then the W
mass constraint is used to fix the longitudinal component
pY of the neutrino momentum. For this case, W* — jj
and all the jet-jet combinations are accepted. However,
if W* — lv instead, one can no longer use the W mass
constraint. In this case, p} is set to zero and the jet-jet
combinations consistent with the W mass are retained,
ie, |mw — my;| < 25 GeV; in this mass window, the
jet momenta are rescaled so that mj; = my . Finally, we
use the following x? criterion to select the best top quark,

the neutral light Higgs and charged Higgs candidates:

p]

X° = (mwe, —me)* + (mpgey, —me)?

+(my,p, — mpe)2. (16)

Although the signal rate is initially two orders of magni-
tude smaller than the #f background rate as can be seen
from Table V, the proposed reconstruction procedure de-
seribed in further detail in [24] permits the extraction of
the signal with a significance exceeding 50 in the low
tan 3 (1.5 — 2.5) region as shown in Table VI. At high
tan 3. though the reconstruction efficiency remains com-
parable, the signal rate decreases so significantly that the
discovery potential vanishes in this region.

B. H* — W*h%, m 1 > m,

Above the top quark mass, the charged Higgs is pro-
duced in association with a top quark according to:

gb — tH*
HE — WO

t — Wb (17)

The final state for the signal contains two W bosons,
one of which is required to decay into leptons (electron
or muon to trigger the experiment), the other into jets,
and three b-jets due to the subsequent decay h® — bb.
The background in this case comes from b and ttg
events with both top quarks decaying into W’s. We
search for one isolated lepton, three b-tagged jets and
at least two non b-jets. In this case, both W-bosons
are on the mass shell. The W mass constraint is used
to find a longitudinal component of the neutrino mo-
mentum, W* — [y, and the jet-jet combinations sat-
isfying the requirement |mj; — mw| < 25 GeV are re-
tained as done in the previous analysis. The associated
top quark from gb — tH*, t — W;b, and the neutral
light Higgs, h® — bib,, are reconstructed by minimis-
ing x2 = (mw,p, — me)? + (mpp, — mpo)?.  Initially,
the total background is at least three orders of magni-
tude higher than the signal in the most favourable case
(tan @ = 3), as shown in Table VII. However, with the



TABLE V: The expected rates (o x BR) for the signal t# — bH¥Wb with
H* — W*h® and for the t{ backgrounds. It should be noted that due to the
tan 8 dependence of the t — H*b and of the + — Wb branching ratios, the
tf background rates depend on tan g.

Process tan 3 mpyo (GeV) myx (GeV) o x BR (pb)
HE W hr® 20 83.5 152 1.2

3.0 93.1 152 0.2
tt — jjblvb 2.0 143

3.0 152

TABLE VI: The expected signal-to-background ratios and significances for an integrated
luminosity of 300 tb™1. (m.), () and {mye) are the means of the Gaussian fits to
the distributions of mya,, Mmy-«po and my; respectively. The nominal values are shown
in Table V for my+ and myuo. A central value of 175 GeV is taken for the top quark
mass. mpy+ and me are not reconstructed at their nominal values (within the large
statistical uncertainties, the numbers are consistent with the nominal values): this is
due to the assumption that p7 = 0 (made in selection cuts) and also to the fact that
the 4-momentum of the W* in H* — W*A® and t — W*h% is not rescaled to the W
mass before reconstructing the charged Higgs and the top quark. The other top quark is
reconstructed to the nominal value (see [24] for details) since here, ¢ — Wb; this W boson
is on-shell: in the leptonic channel the W mass constraint guarantees that m;, = mw,
and in the hadronic channel, the jet momenta are rescaled within a mass window so that
m;; = mw. The significances and the signal-to-background ratios are calculated within

+20 4+ of (mys).

tan@ =2 tang =3

(me) (GeV)

or (GeV)

(myz) (GeV)
o+ (GeV)

{mpo) (GeV)

opo (GeV)

Signal events
Background events
S/B

S/VB

188 £ 20 190+ 29
18411 2010
1577 16010
198 21%£10
83%x1 9214
12+1 13+3
136 25
40 43
34 0.6
21.5 3.8

reconstruction technique described in detail in [24], the
signal-to-background ratios could be improved by two or-
ders of magnitude. This improvement is still insuficient
to observe the signal over the background; for example,
for tan 8 = 3 and myg= = 200 GeV, a significance of only
3.3 can be expected after 3 years at high luminosity. A
parton level study of this channel was carried out in [43]
using gg — thH* and a viable signal survives above the
main irreducible tdW=h? continuum for tanf ~ 2 — 3
and mg+ ~ 200 GeV, in fair agreement with the current
analysis.

The main objective of this study is to demonstrate a
good signal reconstruction and a high background sup-
pression with the ATLAS detector. Indeed, although the
signal is marginally viable in MSSM, the results can be
normalised to other models, for instance NMSSM, where
LEP constraints no longer apply and the discovery po-

tential in this channel would exteud to a significant area
of the parameter space as explained below.

C. HE - W*p® in NMSSM

In the MSSM, the relation (2) and the direct lower
limit on the CP-odd Higgs boson mass from LEP (see
the introduction section) translate into an indirect lower
bound on the charged Higgs, my+ 2 120 GeV; in fact
for tanB ~ 3, mgx 2 250 GeV [3, 42]. As a result,
the channel H* — WEA? has a high threshold in the
LEP allowed region where the branching ration is very
small (see Fig. 2). Indeed, beyond tan g = 3, as demon-
strated by the study shown here, this channel presents
no discovery potential due to the very low signal rate. It
has been argued that in the singlet extension to MSSM,



TABLE VII: The rates for the signal bg — H¥t — Wh Wb and the 1
background as a function of tan f.

tan 3 g0 (GeV) myge (GeV) o x BR (pb)

Process

H* S WERr® 15 78.0
3.0 99.1
5.0 104.9

tf — jjblvb

250 0.023

200 0.134

200 0.031
228

i.e., NMSSM, this channel is immune to the LEP con-
straints and there may be a significant discovery poten-
tial above and below the top quark mass [42]. In fact,
NMSSM extends the Higgs sector of the MSSM by adding
a complex singlet scalar field and seven physical Higgs
bosons are predicted in this model, three neutral CP-
even h%, HY, and HY, two CP-odd A and A3, and a
charged pair H* [1]. The parameter space is therefore
less constrained than the one of the MSSM and the in-
direct lower limits on the Higgs masses from LEP are
no longer valid. In addition, the mixing between the
singlet and the doublet states would dilute the direct
mass limits on the latter from LEP. Consequently, the
channel H* — W#* (k% A%) can be the dominant de-
cay mode for low tan # and mgz ~ 160 GeV. Therefore,
The H* — W*h° channel which is marginally viable in
MSSM would yield a significant signal in NMSSM [42].

VI. mg+ AND tan8 DETERMINATION

In this section, we discuss the expected precisions on
the charged Higgs mass and tan 3 measurements with
the ATLAS detector in the HE¥ — tb and HT — 7%u,

channels.

A. H?* mass determination in HT — 7% vr

As discussed in section IV, this channel does not offer
the possibility for the observation of a resonance peak
above the background, only the transverse Higgs mass
can be reconstructed because of the presence of the neu-
trino in the final state. The background comes from sin-
gle top (Wt) and tf productions with one W = oy,
Thus, the transverse mass is kinematically constrained to
be less than the W-boson mass while in the signal, the
upper bound is the charged Higgs mass.

The differences in the event topology and in the 7 po-
larisation have been used to suppress the backgrounds
as discussed in section IV [23, 44], so that above the W
mass threshold, the background in this channel is rela-
tively small as shown in Fig. 4. As a result, although
there is no reconstruction of the resonance peak in this
channel, the Higgs mass can be extracted from the trans-
verse mass distribution with a relatively good precision.

For the mass determination in this channel, we use the
likelihood method presented in [25, 45].

Three main sources of systematic uncertainties are
included in the mass determination: the shape of the
background, the background rate and the energy scale.
The background shape becomes more significant at lower
Higgs masses where there is more overlap between signal
and background. To include this effect, we assumed a
linear variation of the background shape, from —10% to
+10% between the minimum and the maximum of the
transverse mass distribution. Another source of system-
atic uncertainty is the rate of the backgrounds. It is
expected that the background rate (Wt and #) could be
known to 5% [45]. Therefore, to take this effect into ac-
count, we increase the background rate by 5% while at
the same time we decrease the signal by 5%. Finally,
we also include the scale uncertainty: 1% for jets and
0.1% for photons, electrons and muons. In Table VIII,
we show the effects of the systematic uncertainties: the
overall uncertainty in the mass determination is domi-
nated by statistics.

The overall relative precision in this channel ranges
from 1.3% at myg+ = 226 GeV to 3.1% at mpgz =
511 GeV for an integrated luminosity of 100 fb=!. Ag
300 fh~!, the precision improves to 0.8% at mpys =
226 GeV and 1.8% at my+ = 511 GeV [25].

B. H?* Mass Determination in HY — tb

In the tb channel, the full invariant mass can be re-
constructed as shown in Fig. 3 although this channel suf-
fers from the large irreducible ##b background and also
from the signal combinatorial background. The deter-
mination of the mass can be done using the likelihood
method described in [25, 45] or by fitting the signal and
the background. In the latter case, one assumes that the
background shape and norinalisation can be determined
by fitting outside the signal region, thus, the systematic
uncertainties include only the scale uncertainty. We as-
sume a Gaussian shape for the signal and an exponential
for the background and fit signal+background including
the statistical fuctuations and the scale uncertainty. The
precisions on the mass determination from the likelihood
and fitting methods are comparable.

The relative precision in this channel ranges from 0.8%
at myx = 226 GeV to 5.2% at mpy+ = 462 GeV for
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TABLE VIIT: The systematic effects on the mass determination in the H L

7ty channel are small.

an integrated luminosity of 300 fb~!.

Co

Columns 2 and 3 show the statistical uncertainties for

lumns 4 and 5 include the systematic

uncertainties. The total uncertainties are dominated by the statistical errors.

my+ (GeV) Statistics only With systematics

(m)
225.9 226.4
271.1 271.1
317.8 318.3
365.4 365.7
413.5 413.8
462.1 462.6
510.9 511.9

dm
1.7
2.0
3.0
4.6
4.5
6.0
7.4

100 fb~!. For 300 fb~!, the precision improves to 0.5%
at 226 GeV and 3.5% at 462 GeV [25].

C. Determination of tan g

It is possible to determined tang by measuring the
signal rate in the 7v channel where the backgrounds are
relatively low. The main systematic error would come
from the knowledge of the luminosity. The uncertainty
in the rate measurement can be estimated as [46]:

A(c x BR)

. ALN?
ocx BR ’

L
where the relative uncertainty on the luminosity mea-
surement is taken conservatively to be 10%. The uncer-
tainty on tan F is computed as:

S+B
52

(18)

-1
dwaM} o)

Atanp ~ Ao x BR) [ dtan 3

At large tan 8, from Equations (4) and (7), the rate in
the H* — 7%u, channel is obtained as:

o X BR  tan® 3. (20)
From the relations (19) and (20), we get:
3
Atanf _lA(axBR). (21)

tang 2 o x BR
The relative precision on tan 3 ranges from 15.4% to 7.3%
for tan 8 = 20 to 50, at low luminosity. For an integrated
luminosity of 300 fb~!, the precision improves to 7.4% at
tan 8 = 20 and to 5.4% at tan = 50 [25].

Fig. 5 illustrates the expected overall precision on the
charged Higgs mass and tan § determination for an in-
tegrated luminosity of 300 fb~!. In either channel, the
overall uncertainties are dominated by the statistical er-
rors. The 7v channel offers better precisions on the Higgs

{m) am
225.9 L7
270.9 2.3
319.9 3.5
365.2 4.7
414.9 4.7
460.8 6.3
511.7 9.2
7T T T T @10 T T T T
15-4.5 Legb—>tH", t—> jib, H* —> v 195 F E
S 4 [mab—>tH st 18 95 e o2t tosfib H e
a ] ~ b
35F S AL
3 [ tong=45 1A 8k M = 250 Gev
25k . 1 7s5¢ E
2 b 7E E|
15k 3 65¢F
, il
05k g L= 30016 M L = 300 161 *
2000 30n 400 500 2T T T T e
my, (GeV) tanfs

FIG. 5: The expected overall precision on the charged Higgs
mass and on tan J measurements, as a function of the charged
Higgs mass (left plot) and tan 3 (right plot) respectively.. For
the mass determination, the H¥ — % v, channel gives better
precisions than HY — tb except at low Higgs masses. In
addition, H* — 7Fv, allows for the determination of tan Jej
by measuring the rate in this channel.

mass determination than the ¢b channel, except at low
Higgs masses where the Tv channel suffers from a much
reduced selection efficiency or a inuch higher background
level as shown in Table IX and Fig. 5 [25].

H* — 71, IN LARGE EXTRA
DIMENSIONS

VII.

In models where extra dimensions open up at the TeV
scale, small neutrino masses can be generated without
implementing the seesaw mechanism [47, 48, 49]. These
models postulate the existence of § additional spatial di-
mensions of size R where gravity and perhaps other fields
freely propagate while the SM degrees of freedom are
confined to (3+1)-dimensional wall (4D) of the higher
dimensional space. The idea that our world could be
a topological defect of a higher-dimensional theory [50]
finds a natural environment in string theory [51].



TABLE IX: The overall precisions on the mass determination are better in the 7~ channel
than in the tb channel. This is due to the fact that the latter suffers from large ¢fb and
signal combinatorial backgrounds (£ = 100 fb™1).

myz (GeV) HEY — rfy. H* — th

{m)
225.9 225.9
271.1 271.0
317.8 319.7
365.4 364.9
413.5 414.8
462.1 460.7
510.9 511.4

dm  {m) dém
2.9 2269 1.8
3.9 270.1 10.1
5.9 3202 113
8.1 3654 12.1
8.0 4174 176
10.6 4659 24.1
15.7

The right-handed neutrino can be interpreted as a sin-
glet with no quantum numbers to constrain it to the SM
brane and thus, it can propagate into the extra dimnen-
sions just like gravity [52]. Such singlet states in the bulk
couple to the SM states on the brane as right—handed
neutrinos with small couplings — the Yukawa couplings
of the bulk fields are suppressed by the volume of the ex-
tra dimensions. The interactions between the bulk neu-
trino and the wall fields generate Dirac mass terms be-
tween the wall fields and all the Kaluza-Klein modes of
the bulk neutrino. As long as this mass is less than 1/R,
the Kaluza-Klein modes are unaffected while for the zero
mode, the interaction generates a Dirac neutrino mass
suppressed by the size of the extra dimensions:

A M,

mp = —=——U 22
mp \/§ Mp; ( )
where A is a dimensionless constant, v the Higgs vacuum
expectation value (see the introduction section), Mp; =
2.4 x 10*® GeV is the reduced Planck scale related to the
usual Planck mass 1.2 x 101° GeV = /87 Mp;, and AL, is
the true scale of gravity, or the fundamental Planck scale
of the (4 4 6)D space time:

M2, = ROALST?, (23)
The mixing between the lightest neutrino with mass mp
and the heavier neutrinos introduces a correction N to
the Dirac mass such that the physical neutrino mass m,,
is [49]:

mp
m,, = N 2
my = (24)
where
. 2 . 2 872
mp Mpy 2w 1
~1 -_— : - 2
N1+ <M*> <n1> Toms-z

As shown in Table X, small neutrino masses, m,, can
be obtained consistent with atmospheric neutrino oscil-
lations [53].

H™ decays to the right-handed 7~ through the 7
Yukawa coupling:
H™ — 15D (26)
The H~ decay to left—handed 77 is completely sup-
pressed in MSSM. However, in the scenario of singlet
neutrino in large extra dimensions, H~ can decay to both
right-handed and left-handed 7~ depending on the pa-
rameters M., mp, §, mg+ and tan g (see [26] for detailed
formulas):

H™ — g+ 1%, (27)
where ¢ is a bulk neutrino and v is dominantly a light
neutrino with a small admixture of the Kaluza-Klein
modes. The measurement of the polarisation asymme-
try,

A - NH™ = my)—-T(H™ — 1m5D)
T DH- - ) D H- — g0

(28)

can be used to distinguish between the ordinary 2HDM-
IT and the scenario of singlet neutrino in large extra di-
mensions. In the 2HDM-II, the polarisation asymmetry
would be —1.0. In the framework of large extra dimen-
sions, the polarisation asymmetry can vary from +1 to
—1. In the latter case, the decay of H™ is similar to the
2HDM-II but possibly with a different phase space since
the neutrino contains some admixture of the Kaluza-
Klein modes. The singlet neutrino may not necessarily
propagate into the d-extra dimensional space. It is possi-
ble to postulate that the singlet neutrino propagate into
a subset &, (0, < d) of the § additional spatial dimen-
sions, in which case the formalism for the generation of
small Dirac neutrino masses is merely a generalisation of
the case §, = J discussed above [48].

The charged Higgs decay to right-handed v, H~ —
Tp 7 have been extensively studied for the LHC as dis-
cussed above [23, 44]. In this section, we discuss the
possibility to observe H~ — 7 v at the LHC above the
top quark mass [26, 54]. Table X shows the parame-
ters selected for the current analysis. The cases where



TABLE X: The parameters used in the current analysis of the signal with the corresponding polarisation asymmetry.
In general, H™ would decay to 77, and 75, H™ — 7 U+7) %, depending on the asymmetry. For the decay H™ — 750
(as in MSSM), the asymmetry is —1 and this case is already studied for the LHC [23, 44] and discussed in section IV.
The signal to be studied is H™ — 7 9.

M, (TeV) by ) mp (eV) myx (GeV) tan 3 Asymmetry my (V)

Signal-1 2 4 4 3.0 219.9 30 ~1 0.5 1077
Signal-2 20 3 3 145.0 365.4 45 ~1 0.05
Signal-3 1 5 6 5.0 506.2 4 ~1 0.05
Signal-4 100 6 6 0.005 250.2 35 ~—1 0.005
Signal-5 10 4 5 0.1 350.0 20 ~ =1 0.04
Signal-6 50 5 5 0.04 450.0 25 ~ 1 0.04

the asymmetry is +1 are discussed. No additional Higgs

bosons are needed. As a result, the charged Higgs pro-

duction mechanisms are the same as in the 2HDM-II as

shown in Fig. 1. We consider the 2 — 2 production Signal

process where the charged Higgs is produced with a top LT T

quark, gb — tH*. Further, we require the hadronic de- MSSM H —

cay of the top quark, t — Wb — jjb and the charged

Higgs decay to 7 leptons.

The major backgrounds are the single top production torge ¥ - _T. ¥
gb — Wt, and #f production with one W* — jj and the Bxtro o —> T e—
other W~ — 77 #. Depending on the polarisation asym- Dimensions
metry — Equation (28) — H~ — 757 will contribute as Backgrounds
an additional background. In Table XI, we list the rates DU N
for the signal and for the backgrounds. — e

In general, H~ — 77 ¥ + 77 U with the asymmetry be-
tween -1 and 1 [54]. However, the study of H~ — 157
has been carried out in detail and discussed in section IV.
Therefore, in the current study, we consider the parame-
ters shown in Table X and Table-XI for which the asym-
metry is one, ie., H~ — 717 1.

The polarisation of the 7 lepton is included in this anal-
ysis through TAUOLA [39]. We consider the hadronic
one-prong decays of the 7 lepton — see the relations (8).
For the signal in the MSSM, right-handed 73’s come
from the charged Higgs decay, H~ — 757, while in the
backgrounds, left-handed 7, ’s come from the decay of
the W~ (— 7 7). In the MSSM, the requirement (9)
would retain only the 7 and half of the longitudinal p and
a; contributions while eliminating the transverse compo-
nents along with the other half of the longitudinal con-
tributions. In addition, this requirement would suppress
much of the backgrounds. In the framework of large ex-
tra dimensions, we are interested in H~ — 7 9 where,
as shown in Fig. 6, the polarisation of the 7 lepton would
be identical to the background case but opposite to the
MSSM cage. Therefore, the requirement (9) would not
help in suppressing the backgrounds. Nevertheless, there
are still some differences in the kinematics which can help
reduce the background level, and the selection criteria are
similar to the case presented in section IV, except here,
we search for one-prong hadronic 7 decays (see [26] for
further details):

1. The missing transverse momentuin and the momen-
tum of the 7 jet are increasingly harder as the

v s v v
e ;- — “— 7 >
—s «—

FIG. 6: Polarisation of the decay 7 from H¥T in the MSSM
and in models with a singlet neutrino in large extra dimen-
sions. In the latter case, both left and right-handed 7’s can
be produced with some polarisation asymmetry. In the back-
grounds, the 7 comes from the decay of the W*. The signal
to be studied is in the box — the polarisation of the decay =
in this signal is the same as in the background. Thus, 7 polar-
isation effects would not help in suppressing the backgrounds
but they may help distinguish between the 2HDM and other
models.

charged Higgs mass increases.

2. The difference in the azimuthal opening angle between
the 7 jet and the missing transverse momentum
explained in section I'V.

3. The difference in the transverse mass — Equation( 11)
— between the signal H~ — 7, ¢ and the back-
ground W~ — 77 7.

The reconstruction of the transverse mass (see Fig. 7)
is not enough to distinguish between the MSSM and the
singlet neutrinos in large extra dimensions. The differ-
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TABLE XI: The expected rates (ox BR), for the signal gh — tH¥ with H™ — TRV + 77 ¢ and
t — jjb, and for the backgrounds: Wt and & with W~ — 7,7 and W+t — jj. We assume an
inclusive tf production cross section of 590 pb. Other cross sections are taken from PYTHIA 6.1.
See Table X for the parameters used for Signal-1, Signal-2 and Signal-3. Tn the last columns, we
compare the H* — 7%v, branching ratios in this model to the corresponding MSSM branching

ratios.

Process o x BR (pb) BR(H= — tv 4 14) MSSM: BR(HT — r%v.)
Signal-1 1.56 0.73 0.37

Signal-2 0.15 1.0 0.15

Signal-3 0.04 1.0 0.01

tt 84.11

gb— Wt (pr > 30 GeV) 47.56

H =7y, H -ty and W,y

TTTTTTTT FT

M, =219.9CeV ]
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FIG. 7: The reconstructions of the transverse mass for the
signal in the MSSM, the signal in models with a singlet neu-
trino in large extra dimensions and for the backgrounds, for
an integrated luminosity of 100 fb~'. In general, an MSSM
charged Higgs can be discovered at the LHC depending on m4
and tan 5. In the models with a singlet neutrino in large ex-
tra dimensions, the signal can also be discovered at the LHC
depending on the parameters M., 6, mmp, ma and tan 3. The
observation of the signal in the transverse mass distribution
would not be sufficient to identify the model: the 7 polarisa-
tion effects must be explored further.

ences in these two scenarios are best seen in the distribu-
tion of p™/ET—J¢*, the fraction of the energy carried by
the charged track which is shown in Fig. &.

The mass of the neutrino ¢ would be different on an
event by event basis. Consequently, the efficiencies of the
kinematic cuts would be somewhat different. However,
the main results of the current analysis derive from the
differences in the polarisations of the 7 lepton and in the
transverse mass bounds, and would not be significantly
affected by the neutrino mass effect.

M, =2 10" GeV, 6=3, my=145 eV, my = 3654 GeV, tanf} =45

a g T T T A e e B s
3’ [ — Signal (H"—=>7) -~ Backgrounds
g [ W —=>737)
S el .
S ]
- MSSM (H™—> 777
5+ 4
41 L=100f6" ]
3 .
2 i ._
1+ ]

l 12 l
pﬂ: Erg'et

FIG. 8 The distribution of the ratio of the charged pion
track momentum in one prong 7 decay to the 7-jet energy
for ma = 350 GeV, tang = 45, M, = 20 TeV, § = 3 and
my, = 0.05 eV. In the 2HDM-II, this ratio would peak near 0
and 1 as shown while in other models, the actual distribution
of this ratio would depend on the polarisation asymmetry
since both left and right-handed 7’s would contribute. In the
case shown, the asymmetry is ~ 1 and the ratio peaks near
the centre of the distribution.

Although the observation of a signal in the transverse
mass distribution can be used to claim discovery of the
charged Higgs, it is insufficient to pin down the scenario
that is realized. Additionally, by reconstructing the frac-
tion of the energy carried by the charged track in the
one-prong 7 decay, it is possible to claimm whether the
scenario is the ordinary 2HDM or not. The further mea-
surement of the polarisation asymmetry might provide a
distinctive evidence for models with singlet neutrinos in
large extra dimensions.
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FIG. 9: The ATLAS 5-¢ discovery contour of the charged
Higgs. Below the top quark mass, the charged Higgs is pro-
duced from top decay and the 7t v, channel provides coverage
for most tan 8 below ~160 GeV. Above the top quark mass,
the tb channel covers the low and the high tan g regions while
the 7%v, channel extends the discovery reach to high Higgs
mass and to lower tan  in the high tan 3 region.

VIII. H* DISCOVERY POTENTIAL

In the H* — tb channel, upwards of 5-0 discovery
can be achieved above the top quark mass in the low
and high tan g regions up to ~400 GeV as discussed
above [22]. H* — 7%u, extends the discovery reach
to high Higgs masses and to lower tan3 values in the
high tan g region as seen in Fig. 9. However, in the low
tan 3 region, the 7%v, channel offers no sensitivity for
the charged Higgs discovery as the H* — 7%y, branch-
ing vanishes [23]. Below the top quark mass, the charged
Higgs is produced in top decays, t — bH*. In this mass
range, the decay channel H* — 7%, has been studied
for ATLAS and the signal appears as an excess of 7 lep-
tons [55]: the entire range of tan g values should be cov-
ered for mg+ < my as shown in Fig. 9. The degradation
of the sensitivity in the intermediate tan 5 region is due
to suppressed charged Higgs couplings to SM fermions as
explained in section IX B.

Charged Higgs searches might be used to probe the
decoupling regime of MSSM — hence distinguishing be-
tween SM and MSSM — particularly via the H* — 7%,
channel. In fact, the extent of the parameter space that
can be covered using this signature is comparable to the
reach of the A/H — 77 channel in the neutral Higgs
sector, at least at large tan 3 [23, 32, 44, 56]. Further-
more, additional improvements may still be possible in
the H* — 7%y, channel such as the possibility of exploit-
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ing the kinematics of the spectator b-jet in gg — thH*
and the recent calculation of a rather large k-factor for
gb — tH* [57].

IX. OUTLOOK

In this section, we discuss additional work planned or
currently being carried out in the charged Higgs sector to
study the region below the top quark mass, the prospects
for my= determination in this region, and also to cover
the remaining areas of the discovery contour of Fig. 9.

A. Below the top quark mass

The H* — 7+v. channel is currently being investi-
gated further, taking into account the 7 polarisation ef-
fects. A direct measurement of the charged Higgs mass
in this region is not possible because of the presence of
various neutrinos in the final state. The possibility of
measuring the charged Higgs mass from the 7 — b system
in the final state is being studied.

B. Threshold Region

For mpg= just below or around the top quark mass,
the relevant chanuels are H¥ — t*b and H* — r$u..
The correct description of the charged Higgs production
and decay mechanisms in this region of parameter space
requires the use the production process gg — tbH®T,

shown in Fig. 1 which includes gg — ¢ with ¢ — bH=,

the Higgs-strahlung mechanism and the relative inter-
ferences [58]: the narrow width approximation used by
Moute Carlo programs such as PYTHIA [27], HER-
WIG [59] and ISAJET [60], accounts for the charged
Higgs production and decay through the factorisation ap-
proach, i.e., gg,qf — tf times ¢t — bH*. However, this
description does not account properly for the charged
Higgs boson phenomenology when its mass approaches or
exceeds that of the top quark as shown in Fig. 10 [58, 61].
For the LHC, the situation is further complicated by the
potential problem of double counting when adding the
2 — 3 and the 2 — 2 production mechanisms of Fig. 1.
The 5-o discovery contour of Fig. 9 shows a gap in the
my axis around m4 = 160 GeV corresponding to the
threshold region where studies have just commenced us-
ing the gg — thH* instead of the factorisation approach.

C. Intermediate tan § Region

In the studies discussed thus far, a heavy SUSY spec-
trum has been assumed; thus charged Higgs decays into
supersymmetric particles are kinematically forbidden.
The lack of sensitivity in the intermediate tan g region



10.0 T

R S AR NN N

qaag -~ tbE” + c.e
5.0 - -

qa.gg + tt - tbH™ + c.c.
- === bg ~+ tH + ce.

c= = = (1) + (3) — log subtraction

2 N T m s -
b \ e
[ tang = 3. y
CTEQ(4M) 1
PR AR I P AP SR SN
180 165 170 175 180 185 190
My (GeV)
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bination of the first and the last, at the LHC with /s = 14
TeV, as a function of m g+ for a representative value of tan 3.

(tan B ~ 3-10) is due to the fact that the charged Higgs
coupling to SM fermions is proportional to:

H™ (my cot BTby, + my tan 3thg), (29)

the square of which goes through a minimur at tan g =-

vms/mp. The study of charged Higgs decays into SUSY
particles might help cover this region. Indeed, for a

heavy charged Higgs boson, the decays into the lightest -

charginos and neutralinos — sleptons and squarks also —
would be possible and even become dominant, thereby
reducing the branching into the SM decays H = th
and H* — 7%v. [62]. It was shown in [63] that HE —
)Zlif(({)z,?,} could probe regions of the MSSM parameter
space where the H* decays into SM particles yield no
sensitivity — see Fig. 9. In addition to the direct HE
production via the 2 — 3 and the 2 — 2 processes of
Fig. 1, the H* production rate in SUSY particle cascade
decays can be significant and sensitive to the interme-
diate tan 3 values [64]. Further studies of these exotic
charged Higgs decays are in progress [65].

D. High Mass Region

The discovery reach could be extended to higher Higgs
masses by studying the process gg — thH* with H* —
th and tagging all the four b-jets in the spectrum [40]
and exploiting the differences between the signal and the
gg — ttbb background in the kinematics of b-quark jets:
in the background, the b-quark pair produced together
with ¢ are rather soft, collinear with low invariant mass.
On the contrary, in the signal, at least one of the asso-
ciated b-jets is expected to be energetic for mg+ much
larger than m, [40]. However, tagging four b-jets may
cause a significant reduction in the signal rate as the

additional b-quark in gg — tbH* has a low transverse
momentum and may escape detection. Realistic studies
of this channel including detector effects are in progress.

X. CONCLUSIONS

In the simplest extension of the SM Higgs sector, five
Higgs bosons are predicted, three neutral and a charged
pair. The charged Higgs boson does not have a SM coun-
terpart, thus its discovery would constitute an irrefutable
evidence of physies bevond the Standard Model.

In this paper, we have investigated the feasibility of the
charged Higgs detection at the LHC with the ATLAS de-
tector. Below the top quark mass, H* could be produced
in the decay of the top quark, t — bH=, and the decay
H* — 7%y, was previously studied for ATLAS. The sig-
nal appears as an excess of 7 leptons and almost the en-
tire range of tan /3 is covered. Iu the LEP allowed regions
of MSSM parameter space, the HE — W=EhO channel
presents no significant discovery potential for the charged
Higgs. In NMSSM. LEP constraints are no longer valid
and the signal viability is extended to a bigger area of
parameter space.

In the H* — tb channel, upwards of 5-¢ discovery can
be achieved above the top quark mass in the low and high
taw 8 regions up to ~400 GeV. The H* — 7%y, channel
extends the discovery reach to higher Higgs masses and
to lower tan 3 values but the sensitivity is limited to the
high tan g region. In models with singlet neutrinos in
large extra dimensions, the process H~ — 1 4 + c.c. —
which is completely suppressed in the 2HDM — can have
a significant branching ratio, and its detection together
with the measurement of the 7 polarisation asymmetry
would provide a distinctive evidence for these models.

The charged Higgs mass can be determined in H* — tb
and HE — 7Fu, where the precisions range from 0.5%
at ~ 200 GeV to 1.8% at ~ 500 GeV for an integrated
luminosity of 300 fb~!. In either channel, the main uncer-
tainties come from statistical errors in the invariant mass
(H* — tb) or the transverse mass (HE — 7%u;) distri-
butions. By measuring the rate of H* — t¥v, tang
can be determined with precisions ranging from 7.4% at
tanf? = 20 to 5.4% at tanf = 50 for an integrated lu-
minosity of 300 fb~! and assuming a 10% uncertainty on
the luminosity.

Further charged Higgs studies are planned or are cur-
rently being carried out in order to cover the remaining
regions of the parameter space. These include: firstly,
the threshold region where the 2 — 3 process is used
to correctly account for the H* production and decay
phenomenology; secondly, the intermediate tan 3 region
which is sensitive to charged Higgs decays to SUSY par-
ticles; and finally, the high mass region which could be
probed with gg — tbH* and H* — tb by tagging all
the four b-jets in the spectrum. In addition, the region
below the top quark mass is being investigated using
H* — 7%p, taking into account the r-polarisation ef-



fects, and the prospects for mpy+ determination in this
region is also being studied.
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