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Abstract

We perform for the Large Hadron Collider (LHC) a detaileddstof charged Higgs boson production via the top-
bottom quark associated mode followed by decays into a gf@mend a neutralino, with masses and couplings as
given by the general Minimal Supersymmetric Standard M@a&ISM). We focus our attention on the region of
parameter space with ;;+ > m; and intermediate values eén 38, where identification oHf* via decays into
Standard Model (SM) particles has proven to be ineffectitedelling the CMS detector, we find that a signature
consisting of three hard leptons accompanied by a hadidbniegonstructed top quark plus substantial missing
transverse energy, which may result fréfi — iliﬂi{?,m,‘l decays, can be made viable over a large variety of
initially overwhelming SM and MSSM backgrounds, provide&8M input parameters are favourable: notably,
small || and light sleptons are important prerequisites. We quatiiése statements by performing a fairly
extensive scan of the parameter space, including redtiaticon-level simulations, and delineate some potential

discovery regions.
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1 Introduction

A pair of spin-less charged Higgs bosoR&" (with massn g+ ), arises in any Two-Higgs Doublet Model (2HDM)
alongside a trio of neutral Higgs bosons — ti&-even ‘light’ h and ‘heavy’ H (i.e., with m;, < mg) scalars
and theC P-odd pseudoscalat (with massm 4). Embedding a Type Il 2HDM inside the attractive theordtica
framework provided by Supersymmetry (SUSY) yields the MSS#&k [1]), wherein the particle content s limited
to the known SM states (fermions and gauge bosons), theirtisfe’ counterparts (sfermions and gauginos) plus
the five aforementioned Higgs bosons and their respectiggditios. Among the new massive spatrticles predicted
in the MSSM are the charginos and the neutrafihoshich are the mass eigenstate mixtures of the electroweak
(EW) gauginos and the Higgsinos. Previous papers [2, 3] Hameonstrated thdf + decays into a chargino and a
neutralino can probe regions of the MSSM parameter spacesveth@rged Higgs boson decays into SM particles
and other Higgs bosons are swamped by backgrounds. Inydartitan 3 (the ratio of the vacuum expectation
values of the up-type and down-type Higgs doublets) valetsden3 and10 were found to be in part accessible
via H+ — )ﬁcﬁ’ﬁ decay modesig., charged Higgs boson decays into the lightest charginolamdecond or

third heaviest neutralino), when the final state includesdheptons (meaning electrons and/or mudhs)

Suchtan 3 values fall in the so-called ‘intermediate’ regime wherHi# decays to SM objects (which may include
neutral MSSM Higgs bosons) are undetectable at the LHQpests/e of the values chosen for other MSSM input
parameter8. This zone of undetectability, in part due to the(m? tan 42 + m?/ tan 2) coupling of the main

pp — tH~X + c.c. production mode, begins aroupgh 3 = 6 or 7 for mpy+ ~ m; and spreads to encompass
more and morean 3 values (say, betweehand20) asm g+ grows larger. The rate suppression may be further
exacerbated by the sartwn 3 dependence in thH ~ — bt decays if there are other competing decay channels —
naturally, if theH~ — bt branching ratio (BR) is~ 1, it will remain so and there is no additional suppressiomef t
bottom-top decay rate. The alternative MSSM decay chaHels hW —, which also yield$bW ~ intermediate
states (sincé — bb), is only relevant within a minuscutan 3 interval (roughlytan 8 ~ 2 — 3) for mp+ < my —

this lies close to the LEP2’s excluded region. Then thed@s— 77,, which is limited to largetan 3 value$),

at best offering coverage down tan 5 ~ 10 for myz+ ~ m; and contracting to even highesn S values as
mpyg+ grows larger [6]. (See references in [2, 3] for a list of phmenological analyses of these SM decay modes
of a charged Higgs boson.)

Considering such limitations, it is worthwhile pursuingther theH* — inos decay modes initially probed in
[2, 3]?), expanding upon the results found therein and placing talysis in a sounder phenomenological context.
The improvements found herein go in three general direstibirstly, the allowable parameter space is covered far
more thoroughly, incorporating all possible charginoin@ino decay modes into the analysis and including every
conceivable path leading from a charged Higgs boson to a teptons plus invisible energy final state. Secondly,
investigation of the rdle of on- and off-shell sleptons(8USY partners of the leptons) is considerably deepened:
as noted in the previous studies, if there is a light sleptmnleptonic BRs of the inos can be significantly enhanced
(especially those of9 and/ory?). Thirdly, signals are herein studied within a full evenhgeator environment
modelling the CMS detector and also includes an improveldracind analysis that encompasses potential MSSM
background processes ([3] was a very preliminary accouhbth these respects while [2] only considered SM
backgrounds and was carried out solely at the parton level).

The legacy of the CERNTe~ collider is a model independent limit ang+ from charged Higgs pair production
of orderMy,+ — 78.6 GeV is the current LEP2 bound [10]. Further, the current loMiggs boson mass bound of
approximatelyi 14 GeV [10] can be converted within the MSSM into a minimal veliolen g+ of ~130-140 GeV,
fortan8 ~ 3—4. This bound grows rapidly stronger &3 is decreased while tapering very graduallytass
is increased (staying in th0—125 GeV interval fortan 8 2 6). Form g+ < my, charged Higgs bosons could be
discovered during Run 2 of the FNAL Tevatron [11], which hlksady begun taking data @t’_pﬁ = 2TeV, by

1 We will refer to the charginos and neutralinos collectiva$y/inos’.

) The process is further identified by a hadronically recamséd top quark from theH ~ X (or #H+ X) production process,
and via substantial missing transverse momentum from giedst neutralinosy?s, the stable Lightest Supersymmetric
Particles (LSPs) which must eventually result from decdyb@inos.

3) Not coincidentally, in roughly the same area coverage warteutral Higgs sector is questionable [4, 5], particuléfrly
the integrated luminosity is limited (say30 fo~'). Further, the one neutral Higgs boson that may be detectgpically
mimics a SM Higgs boson (this is the so-called ‘decouplirgnseio’).

Y The H~ — s¢ mode has a much reduced scope in comparison, because afgg€)@D background.

%) Hadron collider signals from neutral MSSM Higgs boson dedao inos were studied in [5, 7], while MSSM Higgs bosons
BRs to inos, emphasising invisible decays to a pair of LSRsewwresented in [8, 9].



exploiting their production in top and antitop quark dec@tysy bH+ + c.c.) followed byH~ — 7. + c.C.
[12]. In contrast, ilm g+ 2 m, (our definition of a ‘heavy’ charged Higgs boson), one wiltassarily have to wait
until the advent of the LHC at CERN, Witb’Epp = 14TeV, and thus this study will concentrate upon charged
Higgs boson masses well above that of the top (anti)quarls Viitl also provide ample phase space to allow for
decays into sparticles with masses above current expetaftesunds.

There are also other processes where charged Higgs bosaAstwhose mass that of thHg* is closely tied)
enter as virtual particles at the one-loop level. Thesaigeiheutral meson mixingd{® K°, D°D° or B° B%) and

7 — bb (Rp) [13], b — sy decays [13, 14]p — cr7, decays [15] and the anomalous muon magnetic dipole
moment [16]. Theb — s+ decays are generally thought to be the most constraining(pl3+ crv, becomes
significant for very high values ahn ). Here restrictions om g+ are linked to a number of MSSM variables,
notably including the masses of the lighter chargino andstbps. Theé — s+ decays and the other higher order
processes may well exclude some regions of the MSSM parasjedee that are still allowed by the more direct
limits from Higgs boson and sparticle searches at LEP2. Wewelefinite bounds are quite difficult to delineate
without restricting oneself to some subset of the allowedupeter space of the general MSSM by specifying a
mechanism for how SUSY is to be broken. Studies which havieeltied excluded regions resulting from these
processes have invariably included additional assumptbout the behaviour of the theory at higher energy scales
— such as in Minimal Supergravity (nNSUGRA) for example, fdrigh next-to-leading order (NLO) calculations
have recently been performed [14]. There are also signifizacertainties in translating the experimental results
into clear predictions about MSSM parameters [17]. Coriogrlimits from recentg — 2),, measurements, these
are most restricting [16] whetan 3 is low (< 3) — a case which is not of particular interest for our proceasd-
may be relaxed when smuons are light — a case which is of phatimterest for our process.

2 MSSM Parameter Space

Analysing the usefulness df* — chargino-neutralino decays within the general MSSM patamspace is a
fairly involved undertaking since many independent inparigoneters associated with just about all the (s)particle
sectors of the model can play crucial réles. From the Higgsos we of course havwean 5 along with one input
Higgs boson mass, taken hereinag, to which the tree-level masses of all the other Higgs bospagegged.
These two inputs are largely sufficient for the SM decay mpagssuming sparticle decay modes are closed.

Squark masses, particularly stop masses, can drive sigmifiadiative corrections to the tree-level Higgs boson
masses, especially ta,. In contrast, higher order corrections to the tree-leviatienm?,. = m? + M%Vi are
typically quite small [18]. Thus the signal rate is insensito the choice of squark-sector inputs. Nevertheless,
the coloured-sparticle sector affects the analysis irpperial — but potentially crucial — ways. Firstly, the choice
of the stop mass inputs can affect what regions of the MSSmater space are excluded via Higgstrahlung or
the aforementionebl — sy processes. The former would suggest choosing high stogsinptnelp pushn; up
above the LEP2 bounds, while the latter might prefer low stppits to cancel corrections due to a light chargino.
Be such arguments as they may, there is considerable uimtgiitathe resulting limits on the general MSSM
parameter space, and these issues will not be addresdeerfdrhe second consideration is the size of squark and
gluino backgrounds to our signature. Discussion of thislvélpostponed until the end of this section.

To specify the ino sector, the parametéfs andy, in addition totan 2, are required.M; is assumed to be de-
termined froma/, via gaugino unificationi(e., M; = %tan2 0w M>). This will determine the tree-level masses
(to which the radiative corrections are quite modest) ofittos along with their couplings to the Higgs bosons.
However, this is not enough, for the inos (except{®) must also decay — preferably into leptons for easy detec-
tion. To calculate the leptonic ino BRs, one must desigreetoperties of the slepton sector, since light sleptons
can greatly enhance said BRs [2, 3, 19]. Inputs (assumed fiavzair-diagonal) from the slepton sector are the
left and right soft slepton masses for each of the three géinas (selectrons, smuons, and staus) and the trilinear
‘ A-terms’ which come attached to Yukawa factors and thus dnlhas a potential impacA priori, all six left and
right mass inputs (and,) are independent. However, in most models currently adedcane hasnz, ~ mj;,
andmg, ~ my,. We will assume such equalities to hold.

To maximise leptonic ino BR enhancement, sleptons shoultidde as light as possible. But direct searches at
LEP2 [20] place significant limits on slepton masses; > 99.0 GeV,m;, > 91.0GeV,mz, > 85.0GeV (these
assume that the slepton is not nearly-degenerate with tR¢ &%dm; > 43.7 GeV (from studies at th& pole).
Furthermore, the sneutrino masses are closely tied to thedf mass inputs, and, to avoid extra controversial
assumptions, we will restrict ourselves to regions of theSMISparameter space where the LSP is the lightest
neutralino rather than a sneutrino. To optimise the inodiejat BRs without running afoul of the LEP2 limits,
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Figure 1: Minimum allowed soft slepton mass, given consteaas described in the text. In the upper (lower) two
plots, soft stau mass inputs are $80 GeV above (degenerate with) those of the first two generatiép= 0 in
all cases. The shaded areas are excluded by LEP.

itis best to setn; . = m;_ . If all three generations have the same soft inputs (with= 0), then the slepton
sector is effectively reduced to one optimal input valueighiwe identify withm; ). However, since ino decays
to tau-leptons are generally not anywhere near as benediiate ino decays to electrons or muons, it would be
even better if the stau inputs were significantly above tlodgbe first two generations. This would enhance the
inos’ BRs into electrons and muons. In the general MSSM, weoéicourse free to choose the inputs as such.
Doing so would also weaken restrictions from LEP2, espldiat high tan 5 values. If we set the soft stau mass
inputs100 GeV above those of the other sleptons (with still kept at zero), the lowest allowable slepton masses,
presented in thé/, vs. u plane fortan 8 = 10 and20, are as shown in the upper pair of plots in Fig. 1, while if
all three generations have the same soft inputs we obtaiowe pair of plots in Fig. 1.

Incorporating such optimal slepton inputs and then scanauer the ino parameter®> andy, for a couple of
values oftan 8 andm 4, yields Fig. 2 for BRH* — 3¢N), wherel may be eithee® or u* andN represents any
number of undetectable final state particles (either LSEfaneutrinos). In these plots, and in plots to be shown
hereafter, all possible charged Higgs boson decay modetwhi result in a final state with three charged leptons
and no hadronic activity are included, except for leptomiog from tau decays. In this figure, includidg from
decaying taus would not noticeably affect the BRs since tdugsswhich could greatly enhance tau production are
pushed up in mass.

As expected, BRs are larger for thes, = 500 GeV plots on the right than for th& 4 = 300 GeV plots on the

left since more3¢-producing* — inos decay modes open up as;+ increases. BRs also decline tas 3

is raised froml0 to 20. If instead the three slepton generations have degenafitsass inputs, then Fig. 3 is
obtained. Heren 4 is fixed at500 GeV and the left- and right-hand plots depict, respecti8is without and
with the inclusion offs from tau decays. Overall rates drop relative to those in Fgjnce: (i) the slepton mass
inputs must be set higher to evade LEP2 constraints; anch@idged Higgs boson decays leading to staus via inos
— which are now very significant — often result in hadroniclfstates rather than purely leptonic ones.

Note from Figs. 2 & 3 that low values fdu| are strongly favoured. This can be understood by inspettiag
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Figure 2. BRH* — 3(N), where/ = e* or u* and N represents invisible final state particles, with
(ma, tan 8) = (a) (300 GeV, 10), (b) (500 GeV, 10), (c) (300 GeV, 20), (d) (500 GeV, 20). Slepton mass inputs
are optimised as in the upper plots of Fig. 1. The shaded areaxcluded by LEP.

tree-level decay width formula fdf + — Nf}f‘; [9],

GPNPUF] + FR) (e —mi, —m2,) — 4eF Frmsamz,
+ ~+~0 Xi X3 - -
T(H* = XX =

J

1
].67Tm§{i ’ ( )

cos B[N;4Vir + /E(Nj2 + Nj1 tan Oy ) Via],

FR = sin,B Nngil — %(NJQ + le tan Hw)Uzz], (2)
wheree is the sign convention for the neutralino mass eigenstatesthe SU(2),, coupling and\ = (m%,. —
m:fZ* _m?i" 2 —4m2;i m%o. Vi1 & Ui (Via & Uss) give the gaugino (Higgsino) component of chargijowhile

i ) i 3
Nj1 & Nj; (Nj3 & Nj4) give the gaugino (Higgsino) components of neutra%_’joWe immediately see frorT,
and Fg that if the chargino and the neutralino are both pure gawgftiee SUSY counterparts of charged Higgs
bosons decay into two gauge bosons — for which there is ndicguat tree level) or both pure Higgsinos, then the
tree-level decay width is zero. Simple phase space cormgides favouring decays to lighter inos then disfavour
situations in whichu| > M, (or |u| < Mz) in which case light charginaandlight neutralinos are almost pure
gauginos (Higgsinos) —u| ~ M, is preferred, ideally with both values as small as possibi@ake the lighter
inos as light as possible (to the extent that LEP2 constaiatmit). Thus the optimal region for highht —

inos BRs is where inos are mixtures of gauginos and Higggustabove the bends of the LEP2 parameter space
bounds (shaded regions in Figs. 1-3) in Mg vs. u plané).

%) For higher values ofan 8, F « cos 3 is small compared t#'s o sin 3. So theH® to SU(2),,-wino Higgsino decay
SUSY-related taH* — W*h (whereh is now mostly from the down-coupling Higgs doublet and sodbeesponding
Higgsino has a dominatingy;4 component entering intd7) is also small. But the actual inos may not have such compo-
sitions. Furthermore, the signatureIﬂIfh — inos is more distinctive than that 8= — AW * — even if the BRs for the

two processes were similar, more events from the former fitean the latter would remain after sufficient cuts were made
to eliminate backgrounds.



500

Figure 3: BRH* — 3(N), wherel = e* or u* andN represents invisible final state particlés;resulting from
tau decays (are not) are included for plots on the (lefthtrigand sidem 4 = 500 GeV andtan 8 = 10 in plots
(a) and (b)20 in plots (c) and (d). Slepton mass inputs for all three geti@ra are optimised as in the lower plots
of Fig. 1. The shaded areas are excluded by LEP.

In addition, one would like to optimis&+ — Qfﬁ’ decays wherg # 1 to obtain the vast majority of the
decays generating three leptons. Sidée~ 1 M,, M, < |u| generates an LSP that is mostly/&1)y bino and a
somewhat gaugino-dominated chargino — which is bad fof/BR — if;}?) — but also makes for a quite light
LSP, which over-compensates for the sub-optimal coupliogncrease the othéf* — light inos BRs, the mass
of the LSP may be raised by makid, somewhat larger thaju|. Thus the final perscription for optimal rates is
for small|u| values and slightly larger, but still small to moderate eslfor M.

The charged Higgs boson BRs must now be tied to the produrdiento obtain an expected number of signal
events. Lowest order (LO) results from the parton-levecpssgb — tH~ are strongly dependent on which
b-quark Parton Distribution Function (PDF) is chosen forveution and on the scale at whieh, is evaluated.
Moreover, the-quark in the initial state originates with a gluon spligimto abb pair inside the proton, so that the
above2 — 2 process (when convoluted with initial state radiation imirg ¢ — bb in the backward evolution)
can alternatively be taken as tBe— 3 hard scattering subprocegg — btH — interfaced to gluon PDFs. The
two descriptions have complementary strengths: the fomust aptly describes ‘inclusive — X final states, as

it re-sums to all orders large terms of the foamlog(Q/my) (typically @ ~ m; + Mg+), which are absorbed
in the phenomenological PDF of the initiglquark, while the latter modelling is better at describiegclusive’
observables, as it accounts for the correct kinematic betiaat large transverse momentum of the additional (or
spectatorp-quark in the final state. Yet contributions from the two meges cannot simply be summed. In fact,
the first term of thé-quark PDF is given by the perturbative solution to the DGLg%Riation

o) = 2105 (L) [ L, (£) g0, ©

whereP,(z) = (224 (1—2)?)/2 s the gluon-tob splitting function, and the resulting contributiongb — tH ~ is
already accounted for yy — btH ~ in the collinear limit. Thus, when combining tBe— 2 and2 — 3 processes,
the above contribution should be subtracted from the fotmavoid double counting [21]. An alternative approach
[22] involves specifying a threshold in the transverse motue of the spectatdrquark‘p”{th', and then utilising
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Figure 4:0(pp — tH- X + c.c.) x BR(H* — 3(N) (in fb), wherel = e* or u* andN represents invisible

final state particlesM, andy are as noted, ants from tau decays are included. Slepton mass inputs areigptim

as in the upper plots of Fig. 1. The LEIM;i limit excludes the shaded region, and then the left signifies
1

where the BR is virtually zero.

2 — 2 kinematics whenp%. < ph ™" and2 — 3 kinematics forpl, > ph*"". This is particularly well-suited

to Monte Carlo (MC) event simulations since it does not ireainaking the aforementioned subtraction with its
associated negative weights. Both techniques yield credsos values midway between the larger predictions
from gb — tH~— and the smaller ones frogy — btH ~ (the latter being as much as a factor of 3—4 below the
former).

Both approaches are less sensitive to the choice ob-tlngark PDF and the factorisation scalg, than if the
two processes were considered separately. However, inazaeh only some parts of the NLO corrections are
accounted for, finally yielding a negative NLO contributioQuite importantly, recent results [23] have proved
that full NLO corrections to the — 2 processi(e., including both one-loop and radiative QCD corrections)di

an overallK -factor much larger than one, overturning the negativesmions obtained via the above procedures.
Thus it is no longer justifiable to adopt normalisations dase these techniques.

Since most of the backgrounds are only known to LO accuraeyised the MSSM implementation [24] of the
HERWIG [25] event generator to simulate thie — tH ~ process and the various backgrounds using the default
LO PDFs andy,, without any additionak-factors. This partly explains the improvementto be seeaiheelative

to Ref. [3], where normalisation was via the old subtractiwocedure. Nonetheless, we still regard our results
as conservative since the dominant backgrounds (aftey awgst production, which has a similar QCE-factor

to that of the signal, and irreducible contributions fromedt neutralino-chargino pair production, which, being
EW processes at tree level, have smaller QCD correctionthéodrder of 20% or so [26]). Yet one should also
verify that the additionab-quark at high transverse momentum produced bythes btH~ contribution, which

is not present in the (infrared dominated) backward evotutif the2 — 2 process’ initiab-quark, does not render
untrustworthy a kinematical analysis done solely utiisthe2 — 2 process. We have confirmed this by also
running HERWIG withgg — bt H~ as the hard subprocess, adopting our usual selection adtshacking that in
fact observable quantities (distributions and event jarsnot significantly affected by the presence of a spectato
b-quark in the detector. All results shown will correspondhe outputs of th& — 2 process.

Fig. 4 showss(pp — tH~ X + c.c.) with the subsequent decdy™ — 3¢N, whereM, andy are fixed at the
favourable values df10 GeV andl35 GeV, respectively — leading to the exclusiontah 8 values below~ 5 by
the 103 GeV LEP2 lower bound on the chargino mass [20]n the plot, the preference for high and low values
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Figure 5:0(pp — tH~ X + c.c.) x BR(H* — 3/N) (in fb), wherel = e* or u* andN represents invisible final
state particlesys.m;_, the soft slepton mass input for the first two generationf gau mass inputs are pushed
up by an additional00 GeV, A, = 0). The set(M,, i) is fixed at(210 GeV, +135 GeV) for Parameter Set A
(solid curve), a(280 GeV, +150 GeV) for Parameter Set B (thick dashed curve) an(Baé GeV, —150 GeV) for
Parameter Set C (dot-dashed curve). The dotted curve e=pigc = m;_in Parameter SetAwitln; = m;_ +
100 GeV. The curves are terminated at the left where they would 2 excluded, including the additional
condition thatm; > Mo /s from tau decays are included.

of tan 8 so well-known for the rawp — tH~ X cross section remains, though rates are neverthelesdesuiffic
seek a visible signal even in the intermediate 3 region via our characteristic signature.

It is instructive to next isolate the dependence of the sigate upon the masses of the slepfonsThis is done

in Fig. 5 for three choices of the other relevant MSSM paransetAll combinations fixan 5 at 10 andm 4 at

500 GeV. Parameter Set A (solid curve in Fig. 5) also gets 135GeV andM. = 210GeV (as in Fig. 4),
while Parameter Set B (thick dashed curve in Fig. 5)faas 150 GeV andM, = 280 GeV and Parameter Set C
(dot-dashed curve in Fig. 5) adopts= —150 GeV andM, = 300 GeV (these same parameter sets will also be
used in the forthcoming detector simulation analysis). Rblezontal axis in Fig. 5 is theoftslepton mass input
(as before, left and right soft masses are degeneraté @adns are zero). Bear in mind that this is not the same
as the physical masses of the various sleptons, which alsodmacalledD-term contributions. The curves are
terminated on the left side at the point where LEP experimpreclude the resulting light sleptons. Also shown
by the dotted curve is the effect of removing the equatity = m;_: in this casen;, =m;_+ 100 GeV while

all the other MSSM parameters are the same as in Paramet&r Set

Focusing the account upon the two curves relating to PamrBet A (features of the other curves are seen to be
qualitatively similar), a sharp drop is seen aroung, ~ 123 — 125 GeV where the second neutralino becomes
degenerate with the charged selectrons and smuons and lzése the lighter chargino becomes degenerate with
the sneutrinos (of the first two generations). The drop istdue closing of the two-body decay modgs —
(%0F andyy — v+, wherel® andi, are on-mass-shell. Although the two-body decay modes elidiiés point,

the sleptons still make their presence felt in the assatidwee-body decay modes via off-shell contributions. A

) For this choice of input parameters, th\&i bound isprobablymore restrictive than the one from Higgstrahluagie ™ —

hZ (andhA); however, this will not be true for other choicesMf andu, such as those considered in the next paragraph.
Note that the location of the Higgstrahlung bound is quitgweadue to uncertainties in the radiatively-corrected nags
and errors in the measured valuenef.

8 Though sleptons are light, direéf* BRs to slepton pairs are at the sub-percent level. Slept@@imgfully influence
charged Higgs boson leptonic BRs via the sleptons’ invokeinm subsequent ino decays.



modest rise in the rate occurs for the solid curvergs reaches-146 GeV where the second neutralino and the
sneutrinos (of the first two generations) become degenanakéhe ‘spoiler’ modes — 7,v, — which result in

no charged leptons — become inaccessible, consequermyiadl BRs for the/-producing channels to rise. This
feature is absent for the dotted curve, with, = m;_+100 GeV, since two-body ino decay modes to the now too
heavy sneutrinos are not open. Yet desplte the absencesrj(bhier modes, rates remain lower in this case because
/1.s are also heavy, simultaneously weakening the rate to etideptons (when both are accessible and neither
is phase-space suppressed, ino decays to éitfseor toi7,s may be larger, depending on the composition of the
neutralino). Note also that the dipat;, ~ 123 — 125 GeV is less pronounced since now only two-body decay

modes to/zs are turning off at this point rather than to both left andhtigharged sleptons as in the solid curve.
Lower values ofn;, are now possible since our (perhaps unnecessarily réstlicequirement thata; > U

is satisfied for Ioweme values. However, even going to such modegt values does not compensate for the
enhancement obtained whery = m;_ and the two-body modes to left charged sleptons are availdbius the

peak magnitude is appreciably lower for the dotted curveffoming thatm; = m;,_ is the optimal setud).

For Parameter Set A, witl; | settol10 GeV, the largest contributor to the signal events is infadf + — ;zf;zg
(35.2%), followed closely by + I gg;zg (34.8%) and thed* — XX (19.3%),H* — Xix? (6.5%), and
small contributions fronH* — XEX3 (3.0%) andH* — XEx? (1.2%) (here, the thres all come from th&s);
H* = X9 ;3 channels do not lead to most of the prospective signal eveotgrary to what was assumed in
Ref. [2]. Nevertheless, rates seen in Fig. 5 are still ciobeked t0m~i andm srncex1 and/ory} are present

in most (92.3% for Set A) events, and, even if one (or both)orsnmthe ino palr to whichH* directly decays,
the heavier inos into whic/* does decay in turn sometimes decay into these lighter imab¢harged leptons

or neutrinos) to generate the signal events. With so maniribating channels, some of which involve multiple
sparticle to sparticle decay chains, simulation of thedaigrith a robust event generator is imperative to ascertain
the percentage of the events predicted utilising spaffiBl@ssignments that survive the cuts needed to sufficiently
identify the signature and eliminate the backgrounds.

Returning now to the question of potential backgrounds feotoured-sparticle production processes, gluinos and
squarks of the first two generationsayin principle produce multi-lepton events with top quarkswever, in
practice, top quarks are quite often not present in suchtgveturther, the limit on the squark (gluino) masses
from Tevatron studies is now at leas60 GeV (~190 GeV) [27], and will rise if Tevatron searches continue to
be unsuccessful. In addition, if the gaugino unificatioruagstion also encompasses the gluino, then the gluino
mass would be in the range700-1000 GeV for the points being considered, and (at least in mSUG#®Aired
scenarios) squarks are expected to have heavier or at leagtacable masses [28]. Thus there is substantial
rationale for limiting this analysis to heavy gluino and adks (of the first two generations) masses.

Stops are different though. Stringent experimental lirfiign LEP2 on stop masses only set a lower bound of
~100 GeV [20], and stop pair production will generally lead to mzecontaining top quarks. Possible decay
chains that could mimic our signal events include for examl — X9 (t — blv) + (X3 — X24¢)(t — hadrony
andit* — (X7 = Xw)b + (X3 = x%40)(t — hadron. Note though that such processes do have an extra
b-jet (typically with highpr) beyond that expected frogb — (¢ — hadron (H~ — X; X? X; — 3¢N) whereN

may be any number of colourless neutral stable particledufately, our studies indicate that the extjt that

is present in th& — 3 charged Higgs boson production process tends to be ratfieSsoa cut on extra hard jets

in the event does tend to remove the background from stogppadiuction (as well as that from squark and gluino
production in general).

In keeping with the optimal strategy outlined above for tlep®n sector, stops are made heavy to minimise this
potential background. Thus we deal only with the MSSM backgds that must be present: that from direct
ino pair production (since we requifé* — inos, the inos must be relatively light), and what colouspaiticle
backgrounds still remain when we have heavy gluinosahstjuark inputs pushed up 1dTeV. A more in depth
study of light stops possibly mimicking our signal will beggented in an upcoming analysis [29].

3 mMSUGRA Parameter Space

Before initiating the detector simulation analysis, we Widike to document the potential for utilising th&¢ + ¢’
signature fromH* — inos in the more restrictive mMSUGRA parameter space. As Weeon see, here prospects

%) Settingm; > my, shifts the curve to the right and slightly lowers the peakezia.
19 Numbers include leptons from decaying taus, but said ifmiusnly causes slight changes.
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)

, and the sign of:. As already noted, the signal has a strong preference for low

values of|u|. Yet in the mSUGRA scenarigu| is not a free parameter — it is closely tied to the masses of
when evolved down to the Elesasing renormalisation group equations, the staus’

soft inputs tend to be lower than those of sleptons from tis¢ tivo generations rather than higher as was put in
by hand in the more favourable MSSM parameter set choicdgegieceding section. Fig. 6 shows the values for

x BR(H* — 3(N) obtained for several discrete valuestah  andy > 0 (analogous
plots foru < 0 are similar) withA, set to zero. The excluded regions shown take into accoursti@ints from

LEP2 save that coming from Higgstrahluhg but not additional constrairt® from b — s+,
3 fb are found for very high values ofn 8 in a very small region at the corner around the

values allowed. The 30 or fewer events expected 6orfb ! of integrated luminosity would

In MSUGRA, the free parameters are gepeaetllasan 8

0

.01 fb have values as marked on the plots. The shaded regionsadueed by theoretical considerations
in particular

or LEP2 measurements (save that constraints from Higdstrglare not applied).

2

excluded by the LEP2 Higgstrahlung constraint. Howeveremgithe uncertainties surrounding this limit mentionediegr

loop-level effects (nor considerations from cosmology)alifare now harder to dismiss since the behaviour of the
we conservatively make no attempt to place exclusion cestivam such a process on our plots.

the scalar Higgs bosons via thi&, input. Furthermore, the different soft slepton mass inpatsno longer be set
model is specified all the way up to the GUT scale

invisible final state particles, for a spread of mMSUGRA patansets in thél/y vs. M1 plane
) 1t should be noted that the small unexcluded regions showeraeie cross section4s 0.3-0.01 fb may be partly or totally

plots and/s resulting from tau decays are included. The number in thEeugght o

12) See [30] for a more complete analysis of the present-daytra

the Grand Unification Theory (GUT) scalé(

trilinear scalar mass termig)
Maximum rates of- 0.

are quite bleak.
independently:

olpp > tH-X + c.c.)
lowestM 1 and M

ocxBR >0



probably be unresolvable from amongst the backgroundsiditgintally, the signal rate has a minimum at around
tan 8 = 10. Astan g drops from10, the rate briefly rises and then drops again as the productass section
hits its minimum aroundan 8 = 6. Abovetan 8 = 10, rates again rise, slowly, asn 8 grows large (unlike the
results seen in the previous section)tdfi 8 is made enormous, then stau inputs must be made very higke(whi
one would like to — but in mSUGRA cannot — keep the other s@&fpsin inputs low to get a good decay rate) to
avoid the LEP2 bound on the physical stau mass.

Given the very meager chances of extracting a signal witHaWweBRs in the perhaps overly-generous allowed
regions of parameter shown here, a more thorough mSUGRAsisalould probably be irrelevant.

4 Detector Simulation Analysis

In the previous sections we outlined the potential for olisgrthe charged Higgs bosons through their decays
into charginos and neutralinos, eventually yielding thiegtons plus missing energy, and in the presence of a
hadronically reconstructed top (anti)quark. As a next,stepstudy the feasibility of detecting such a signal in a
realistic LHC detector environment (CMS). We use the MC ¢gemerator HERWIG (version 6.3) and simulate
thegb — tH~ + c.c. — 3¢+ p=s + ¢ signal for the three MSSM settings already discussed, wihiEbpecify
more fully here:

e Set A: M, = 210GeV, u = 135GeV, mg, = 110 GeV,mz = 800 GeV,m; = 1 TeV.
e Set B:M; = 280GeV, u = 150 GeV,m;, = 130 GeV,m; = 900 GeV,m; = 1 TeV.
e Set C:M; = 300GeV, u = —150GeV,m;, = 150GeV,m; =1TeV,mz = 1TeV.

Recall that in all settings we assumé = gtan2 Ow M. Furthermore, for sleptons and squarks we will always
take soft mass inputs for all generations to be degeneratie fo;, = m;_). The physical sneutrino masses,
mj, can be derived from the above parameters and are appr@yndat 115 and 135 GeV for the respective
scenarios (whetan 2 5). Parameter Set A lies inside the optimal region in the tufiegensional {42, p, m;,)
space identified in Sect. 2, whereas Set B is a more bordexdise and Set C is a difficult case with a negative
u parameter. Set A features light inos and sleptons, allowewgral supersymmetrié+ decay modes to have
considerable BRs for relatively moderate valuesof (andm g+ ). The ino sectors in Set B and Set C are heavier,
thereby limiting the number of possible sparticle decay esodn Set B sleptons are light, whereas in Set C these
sparticles are also heavy. This last difference markedéysthe kinematics in ways to be discussed shortly. The
MSSM sparticle spectrum and decays are obtained from ISASIIS8 [31] through the ISAWIG interface [32].
ISASUSY contains a one-loop treatment of all Higgs bosonseaand tree-level sfermion masses. Several three-
body decays are included, taking into account the full Yukaantributions, which are important in the latga 3
regime. The charged Higgs boson BRs are taken from HDECAY (gain, via the ISAWIG interface), which
calculates these in accordance with the most recent thesrkhowledge. For the SM backgrounds, all leading
processes that can produce #fet+ pis + ¢ signature have been simulated:(tbW ~ typically is 1/4 as large),
ttZ, tty* andtth. Furthermore, all SUSY backgrounds have been considerathiédochosen settings: ino pair
production (including squark+ino production), squark /andjluino production and slepton pair production. Of
these, the first listed class of SUSY contributions has thgekt cross sections in general, because inos are fairly
light in comparison to the coloured sparticles. In our sc@saslepton pair production never results in a three
lepton final stat€®), so that it will be excluded from further consideration. Tdetector aspects were simulated
using CMSJET 4.801 [34], which contains fast parametasatof the CMS detector response and bféagging,

a parametrised track reconstruction performance based@iNG simulations [35].

In Parameter Set A, the neutraling$, X3, X3 andx§ have masses a, 131, 146 and253 GeV, respectively.
The masses of the charging$ andx;y are108 and252 GeV. TheH* are allowed to decay into all kinemat-
ically accessible ino pairsﬁﬁ, which in turn can decay into three leptdfis(electrons and/or muons) plus
invisible neutral particlesy{s and/or neutrinos). In this scenario, the primary sourciefe-lepton events (be-
fore any kinematical cuts are considered) is generallyggdiHiggs boson decays fg"x3. This is true for
225 GeV<m4 £400 GeV and® tan 8 ~ 10. Charged Higgs boson decaysyx3 andxi X} are also important
sources of3¢ events in this region of parameter space, and the contitsifrom these modes grow to equal or

13) Unless four leptons are produced rather than the usual tvebtheen one lepton is subsequently disregarded due to having
pr value too low to pass our cuts. Rates for such events aregitdglsmall.

) Herei = 1,2 j = 1,2,3,4; if j = 1, then the three leptons must all come from cascade decalie chargino.
15) The upper (lowern 4 value drops by~20 GeV (~10 GeV) astan 3 goes froml0 to 30 (5).

11



surpass that fron;ﬁcgg decays fomn 4 2 400 GeV. X9 decays almost exclusively via an intermediate state con-
taining an on-shell charged slepton, Wh?@§ decays through a intermediate state including an on-shelltsino.
Here though BRs for stau decays risea@s 3 grows (in part due to the fact that, for fixed soft slepton niagats,

the physical mass of thg" decreases swiftly asn 3 rises to higher values): faan 3 = 5, 10, 20, 30, theX3 BR

to staus is aboui.35, 0.42,0.61,0.74, respectively. Additionally, about/3 of theﬁE decays to sneutrinos are to
U, andj{fE decays tcflin become accessible &in 8 ~ 11 with the BR for this decay growing t0.24 (0.06)
whentan 3 reaches0 (20). These ino to stau and- decays reduce the numberygf — 0T and>~<1i — pl*
decays, wheré = e or p, which lead to virtually all the signal events that survikie hecessary cuf8. Leptonic

tau decays are allowed in the event generation, althoughhdeuleptons from these will mostly be rejected dur-
ing the analysis stage due to their softness (aw). Crucial mass differences have valféof (m~O - My,

MyE =My, My, — ) = (~10-15 GeV, ~10-22 GeV, ~35-45 GeV). In all these cases there is enough phase
space for most of the resultlng leptons to have sulfficieritih fransverse momenta.

In order to distinguish between the signal and the backgtsihoth SM and MSSM), we will apply a set of
selection criteria that will allow us to obtain a favourablgnal-to-background ratio using only physically well-
motivated cutsi(e., with only a very loose dependence upon the MSSM parametgéve)will first explain the
selection strategy and then illustrate the results nuraktyim a table.

First of all we require the following basic topology:

o Events must have exactly three isolated leptdhs=(e, u) with pr > 20,7,7GeV, all with || < 2.4.
The isolation cut demands that there are no charged partigkh p; > 1.5GeV in a cone of radius
= /(A¢)?2 + (An)?2 = 0.3 radians around each lepton track and that the sum of theveesesen-
ergy deposited in the electromagnetic calorimeter betw®Bn= 0.05 andAR = 0.3 radians be smaller
than3 GeV.

The choice of the minimurp; value for the leptons is driven by both trigger and backgtbrejection consid-
erations. In the case of muons, requiring a hardest leptonedt) GeV is already sufficient for the event to be
triggered with 90% efficiency by the single-muon trigger entbw luminosity running conditions at the LHC
(for electrons this threshold is somewhat higher) [36]. Afimm the single leptons triggers, the di- and trilepton
thresholds will increase the efficiency for triggering oa 38 signal. The tight isolation criterion is needed in order
to reject leptons coming from heavy flavour decays, esggdrathe low pr region. As we will discuss later, it is
very effective against, for instance, tiiebackground, when one or more of the leptons originates frofea

Apart from requiring the three leptons, it is also necesgargconstruct the (hadronically decaying) top quark that
is produced in association with tHé* boson. This is mainly motivated by the need to strongly segpthetf
and ino-ino backgrounds. A reconstructed top (antitopykjisarecognised via the following cuts:

e Events must have at least three jets, each with> 20 GeV in || < 4.5.

e Among these, the three jets that are most likely to come freéopa&uark decay are selected by minimising
mj;; — me, Wheremy;; is the invariant mass of the three-jet system. This invanaassm ;;; must be in
the rangen; + 35 GeV.

e Two of these three jets are then further selected by minimigi;; — My,=. Their invariant massy;;,
must be in the rang®fy,+ + 15 GeV.

e The third jet (.e., aside from the two jets in the preceding point) musbitegged. For this, we require the
jet to contain at least two tracks with a significance of th@sverse impact parametsip) = A”f;” which
is larger than 2.

A strong rejection oftt events is obtained after the requirement of a hadronicaltpmstructed top quark in
addition to the three leptons. Assuming that the three gtenstructingn; are indeed correctly assigned, this
requirement means that the second top should provide twariggone from th&/* and one from thé) while the

16) |f the soft stau mass inputs are made heavier, rather thagndegge with the other soft slepton mass inputs as is done in
this analysis, the unprofitable stau channels could be ®¢itad and the number of events could as much as double for high
values oftan S.

") These numbers depend moderatelytam 3. Values given here (and later for Sets B & C) cover the rangetefest in this
work: 5 < tan 8 < 30. Physical slepton masses are those of the first two genesatio
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third lepton should come from initial/final state radiati@nX, «, ...). In this case, two leptons will be in general
soft (< 5GeV) and non-isolated. Another scenario in whi¢lproduction can lead to & + ¢ final state is the
one where both top quarks have decayed leptonically, andadiated jets accidentally reconstruct " mass
and then combine with &jet from top decay to mimic a hadronically-decaying top rguddere, two leptons can
be hard, but the third one must still be soft and in generatisolated. Therefore, in order to achieve a sufficient
suppression of thi background, we have chosen to set the lower limit orpthef the leptons af GeV (although
lowering it would increase the signal yield) and to applygtiisolation criterion.

Whereas thet background is greatly suppressed by the previous selestipsttZ, tty* andtth events would
still survive the3Z + t criteria. Therefore we require an additiofaveto:

¢ Reject all events with di-lepton pairs with opposite charged the same flavour that have an invariant mass
in the rangeM 7 + 10 GeV.

The Z-veto rejectstZ events efficiently. Moreover, although thie* andt¢th backgrounds largely survive this
requirement, their residual cross sections are now inneglyemall.

In addition to eliminating the SM noise, cuts to efficientlyppress the SUSY backgrounds that can lead to a
3¢ + t final state must be considered. As mentioned before, slgmorproduction does not pose a problem in
our scenarios since it cannot lead to a three-lepton fintd.skao pair production and squark+ino production can
have large cross sections; however, most events from thesegses do not contain a top quark and will thus be
rejected via the hadronic top requirement. Events thattédrée$t after this cut form the main irreducible SUSY
background. Squark/gluino production is another poténttlangerous source of noise. These events, however,
typically contain many energetic jets besides those coifnomg the top decay (as previously intimated). Therefore,
they can be rejected using an additional jet veto:

¢ Reject all events containing any jets (other than the thetsegelected for the top reconstruction) with >
70 GeV and|n| < 4.5.

For further signal-to-background rejection, we imposeftiiewing (slightly model dependent) selection criteria
(here optimised fofn 4 = 350 GeV andtan 5 = 10):

e Forthethreeisolated leptons already selectedythaf the hardest lepton should be beld$) GeV whereas
thepr of the softest lepton should be beld@GeV.

e The missing transverse energy should be larger #0aBeV.

e The effective mass\/. s, constructed from the3¢ andp®i vectors adVles; = \/ 2p3tpmiss (1 — cos Ag),
is required to be lower thatb0 GeV (hereA¢ is the azimuthal angle betweg# andp®is?).

The missing energy requirement has little affect on theaigield since the twg? in the final state usually supply
sufficientpiés#; on the other hand, this cut does reduce thet8WI(V=Z,v*) backgrounds. As was shown in [2],
the effective mass variable does have some dependence io tinass spectrum; but it also proves to be effective
against the abov#V processes plus squark/gluino and ino pair production backgls as well.

After applying these selection criteria, we obtain the nemiif signal §) and backgroundR) events given in
Tab. 1, assuming Parameter Set A, withy = 350 GeV andtan § = 10, and for an integrated luminosity of
100fb~'. Results shown therein clearly confirm the points made ipteeeding description of the cuts.

Fig. 7 shows the three-lepton invariant mass distribut@rofr typical signalif, 4 = 350 GeV andtan 8 = 10)

on top of the background (SM + SUSY) for an integrated lumityasf 100 fo~". The peak in the three-lepton
invariant mass distribution depends bothrar+ andon the mass spectrum of the intermediate charginos and
neutralinos. Therefore, a direct ‘parameter-indeperidesss reconstruction does not seem feasible at this stage.
The determination of the charged Higgs mass will requireganisons between the measured three-lepton invariant
mass and MC distributions.

Maintaining the MSSM setup of Parameter Set A, we can nowop@rfa scan ovemy andtan S in order to
determine the discovery potential for th&/ '+ p=i¢ + ¢’ signature we have been considering. We assume an
integrated luminosity ofil00 fo™ and require the significance of the sign&),v/B, to be larger than 5. The
resultingbo-discovery potential is shown in the top plot of Fig. 8. Thi¢ éxige of the potential discovery region
atma ~ 250 GeV is determined by the kinematic requirement thgi+ > My + mys. The upper edge in
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Process 3¢ events| Z-veto | hadr. top | b-tag | jetvetoT | otherdit
tt 2781 2465 91 155 11.1 5.8
ttZ 492 82 19 8 24 0.8
tty* 22 21 7 2 0.4 0.2
tth 59 52 17 4 1.6 0.2
XX 19993 | 18880 237 31 9 3

i § 12712 | 11269 | 3984 | 861 6 1
tH- & tHt 508 485 126 36 29 25

Table 1: Number of signal and background events assumiraitder Set A, withn4 = 350 GeV andtan 5 =

10, for 100fb~1. (Note that the difference between event rates in the ‘hemlr. and the b-tag’ columns is not

only due to the experimentadtagging efficiency but also takes into account part of tigedihmic efficiency.)
THere, top reconstruction requirgs3 jets withpr > 20 GeV,m;; ~ My« andmy;; ~ m;.

ttHere, one vetoes additional jets beyond 3 with> 70 GeV.

tTHere, one imposesr(¢1) < 150 GeV, pr(f3) < 40 GeV, piss > 40 GeV andM.g < 150 GeV.

[ERN
N
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Events
H
o

8 H" =0 500, — 3 lept
v

background (SM+SUSY)
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ol 1 ]

0 50 100 150 200 250 300 350 400
3-lepton invariant mass (GeV)

Figure 7: Three-lepton invariant mass distribution fordPaeter Set A, witm 4 = 350 GeV andtan 5 = 10. The
signal peak is shown on top of the SM + SUSY background for tegiated luminosity 0f00 fo™", after all cuts
described in the text.

tan 3 originates from decreasing* — )Zf;?? andX} — £t¢x} (i = 1,2 andj = 2,3,4) BRs. Thisis in
part a consequence of the higin 4 enhancement aff* couplings to the third generation (taus, top and bottom
quarks), which grow at the expense of the couplings to the (tie intermediates we need to get our hard, isolated
electrons and muons) and in part due to the increased BRsdaldcays into staus, which grow at the expense of
decays into leptor(andy)-yielding selectrons and smuons. The upper edge inand lower edge inan 3 are
determined by then 4 andtan § dependence of the production cross section. Conservafedxclusion limits
[37], mainly from Higgstrahlungif., ete~ — hZ andete™ — hA), are also drawn in the figure along with a
horizontal dotted line below Whiohn;li does not respect the LEP2 bodfd

18) Not shown on the plots in Fig. 8 are uppen 8 bounds 0f32.2, 28.9, and44.0 for Parameter Sets A, B and C, respectively,
above which the ligher stau mass dips below the LEP (nass. This bound may be evaded by raising the soft stau mass
inputs above those of the first two generations of sleptons.
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Figure 8:50-discovery contours in thean 8 vs.m 4 plane for Parameter Sets A, B and C, assuming an integrated
luminosity of 100 fo~*. The shaded region at the left and bottom of each plot is eediy LEP2 Higgstrahlung
(i.e,eTe™ — hZ andete™ — hA) limits. The region in the top plot below the red dotted lisekcluded by the
LEP2 chargino mass bound.

Parameter Set B produces the following mass spectrum: tigatiaosy?, 9, X3 andx3 have masses df03,
159, 165 and311 GeV, respectively, while the masses of the chargigipsandx; are131 and311GeV. The
50-discovery potential for this setting, again for an integdaluminosity ofl00fb ™!, is presented in the middle
plot of Fig. 8, after the usual selection procedure. A natide difference with respect to Parameter Set A is
that here the discovery zone starts at somewhat highers/afue 4 due to the highem g+ threshold needed for
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decays to ino pairs, since they are heavier than in the pue\doenario. Fom 4 > 300 GeV, H+ — gﬁg is the
dominant source a3/ events, rather thall * — gﬁg as in the previous scenat®. There are two reasons for
this change: firstly, with Set By$ has a more favourable gaugino/Higgsino mixing than dgesand secondly,

for Set B BRs fory decays into sneutrino spoiler modes fan 3 = 5, 10, 20, 30 are abou85%,84%,68%,39%,
whereas for Set A these values are all roughffo. H+ — ﬁ;gg decays remain the dominant source3éf
events even for high charged Higgs boson masses.Hrhe . X2 X9 andH* — Satﬁ decay modes, which led

to the majority of the three lepton events ford50 GeV charged Higgs boson with Set A, in Set B are no longer
dominant for highern g+ values, at most providing 30% of the events (before cuts) fotz+ ~ 650 GeV (for
which mass value the production rate is already too low fgriepe of discovery). Thg3 decays predominantly
into a charged slepton; the BR fg§ decays into staus grows fronB2.5% to ~47.5% astan 3 goes fron® to 30,
cutting into the desired decays to selectrons and smuoraIgHy} decay modes to sneutrinos are accessible too,
the combined BR for such spoiler modes remain aBtidés level. Thej{1 decays through a sneutrino intermediate
state and the associated charged lefffonCrucial mass differences have valuesmf{ My, Myt — Mo,

my — 0) (~25-30 GeV, ~12-22 GeV, ~30-40 GeV). As in Set A, there is enough klnematlcal phase space
for most of the resulting leptons to have sufficiently higimsverse momenta to pass the signal selection criteria.

In Parameter Set C the neutralin@% X3, X3 andx§ have masses df18, 162, 171 and324 GeV, respectively.
The masses of the chargm;@ﬁ andy: are143 and324 GeV. Scanning ovel 4 andtan 3, after the customary
selection cuts, now leads to the- dlscovery potential seen in the bottom plot of Fig. 8. Thecteboth inm 4 and
tan 3 is strongly reduced in comparison to the previous scenairigsart due to the heavier ino mass spectrum
which gives the expected upwards shift of the left edgenin. As with Set B,H* — X{xJ is the dominant
source of signal events fan 4 <600 GeV (m 4 <520 GeV) andtan 8 ~ 5 (30). For350 GeV < my < 450GeV,
virtually all (> 90%) signal events come via this channel. For higher madéés— x X1 Xy andH* — ;zg:gg
contributions grow to become comparable. Also, as with SethBx3 decays predominantly into a charged
slepton; again decays into staus — BR9% (~58%) for tan 3 = 5 (30) — cut into the desired decays to
selectrons and smuons. The sneutrino spoiler modes alecehaymbined BR roughly in thE)-20% range. The
)Z;*“ decays through a sneutrino intermediate statetfar3 < 20, about2/3 of the time into sneutrinos of the
first two generations and abolt3 of the time into &, and the associatedlepton. For higher values afn 3,
the;}f — ?liyr decay mode becomes accesssible and reaches a BR of abfosly the timetan 8 reaches0.
Now crucial mass differences have valuesmfi{ Mgy, e =15 M, — mx°) (~13-17 GeV,~4-10 GeV,
~30-45 GeV). Most significantly, there is con5|derably Iess pthm:e avallable to leptons produced in chargino
to sneutrino decay¥; thus, said leptons are typically too soft and usually faélziz cut. This explains the much
smaller discovery reach for Set C compared to the one for Set B

Foru < 0, the same magnitude ¢f| leads to heavier inos (in particular, the LSP and lightergin®). Thus, for

a fixed|p|, we expect a smaller signal rate for< 0 than fory > 0. However, the more rapid rise of the chargino
mass agu| increases withu < 0 also means that we can go to smaljefvalues on this side before we run afoul
of the LEP2 excluded regi@®. Thus, one can shift to lowep| values on the: < 0 side to obtain roughly the
same rates as found on the> 0 side €f., Fig. 4 of [2]).

Some perspective as to the new regions of MSSM parametee $paicmight be probed via th8¢ + p=iss + ¢
channel is provided by Fig. 9, which shows the reach of Hifs — inos signature in the ca®® of Parameter Set
A together with those of thé/~ — 7~ . and H~ — bt channels, withtan 38 plotted on a logarithmic scale to
better illustrate the intermediaten 3 regime. The discovery reaches for channels wherdtiedecays to SM
particles also assume Set A MSSM input parameters and LOalisation for the production process; however,

19) For Set B, there is a thin strip of parameter space around~ 280-290 GeV in which H* — X1 X2 is the dominant
source of3¢ events. However, the overdll BR drops precipitously in this region as4 decreases, and so there is no
potential for discovery.

20) Chargino decays t6: . become significant for higher valuestafn 3: this BR is~21% (~6%) for tan 8 = 30 (20). Not
so useful decays 3,7+ have BRs 0B4-37%.

21) The difference betweem~ -my for Set C and the values for Sets A & B is more striking when g is restricted to be
> 10. Then for A and Bm~ —my ~17-22 GeV while for C the value isv4-7 GeV, with this mass difference growing
with increasingsan 3 for A and B and shrinking with increasingn g for C.

22) This is traceable to a term 2 M. sin 23 in the formula for the chargino mass, and hence the asymrditipishes as the
tan 3 value increases.

23) The authors caution that this figure is valid for a specific$e¢he MSSM inputsh, p andmg_, not in general.
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Figure 9:50-discovery contours in thean 3 vs.m 4 plane for all charged Higgs channels, both SM and MSSM,
assuming MSSM inputs as in Parameter Set AHtdb ' of integrated luminosity. The area below the red dotted
line at the left is excluded by LEP2 Higgstrahlung(ete~ — hZ andeTe~ — hA) limits and the region below
the horizontal red dotted line is excluded by the LEP2 chrergiass bound.

said contours do not take into account possible SUSY backgis The contour faH ~ — bt also only takes into
account the Bfinal state analysis [38]. More detailed studies, inclgdb-final states, are ongoing. However,
we do not expect major changes in the 4, tan 3) reach for this channel. Similar plots combining the SM and
MSSM channels can be drawn for the other two MSSM parameter@emparison of thetd” and “rv” contours

in Fig. 9 with the analogous discovery regions in [4], whicedy = —200 GeV andM, = 200 GeV as inputs,
show the former contours to have shrunk somewhat relatithadatter ones, as expected since the combined
BR(H* — inog) is larger in relevant parts of thgn 4, tan 3) plane for Set A inputs than for the inputs of [4].
This shows that the ino decays will reduce the rates for tmeeationalH * signatures. In particular, relative to a
case where the ino decay modes are closed (such as|whéi,, and sfermion masses are all large) the SM-like
discovery regions may be significantly reduced. This makessearch for the3? + p@iss + ¢’ signature from
H?* — inos decays all the more important.

5 Conclusions

In summary, we have proven that SUSY decays of charged Higgers can profitably be exploited at the LHC
in order to detect these important particles. We have dorextmsive probe of the MSSM parameter space to
see where decays of the typet — )ﬁt)}? (t=1,2,j = 1,2,3,4) can yield hadronically quiet three lepton
(electrons and/or muons) final states. Here all tree-levehg chains allowable within the MSSM have been taken
into account. Coupling such decay chains with top-assediaharged Higgs boson production, we selected a
signature consisting of three hard isolated leptons (elastand/or muons), three hard jets which reconstruct the
top quark (with one pair thereof also reconstructing/a boson and the other bearinghdag) and substantial
missing transverse energy. We then performed quite rieal&€ studies utilising the HERWIG event generator
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and modelling the CMS detector. The hard subprocess uséugsignal wagb — tH ~ (and c.c.), supplemented
by initial and final state parton shower and hadronisatidth everall LO normalisation. (All backgrounds were
generated at the same level of accuracy.) Recent studigbd28 found that there are substantial positive NLO
corrections to said LO signal rates, yielding an enhanceéftefactor of> 1.6, comparable to or even larger than
the corresponding corrections for the leading backgroumagusion of such NLO effects in future signal and
background analyses may well expand the discovery readtiso€hannel.

We found that this3¢ + p®'s + ¢ signature has the potential to provide coverage over aa aféghe MSSM
parameter space roughly correspondin@30GeV < my+ < 500 GeV and3 < tanf <35. This region covers a
substantial portion of parameter space whigre decays into ordinary particles have been shown to be ir@féec
However, to this must be added tbaveatthat other MSSM input parameters must be favourable. Toaxsmall
value for|u| and a small to moderatk/, value are essential for having substanfisf — )Zf)}‘; BRs (with

M> > |u| to put more weight on ino decays not including the LSP) arlut lideptons are crucial for enhancing the
leptonic BRs of the inos. Said slepton intermediates maybe@ooff- mass shell; though of course it is optimal if
the two-body on-shell ino decay mode into a slepton and ateigtopen, as shown by Fig. 5. Naturally, the actual
physical masses of the sleptons (selectrons, smuons aadgbeiated sneutrinos) should be less than those of an
ino pair into which the charged Higgs boson has a significdt Bepending on the ino masses as fixed by the
MSSM parameter inputs, this dictates slepton massed6@ GeV or lower in the discovery regions documented
in this work.

Regions in MSSM parameter space satisfying such critenia te be sufficiently close to the LEP2 limits and/or

to those derived after Run 2 at the Tevatron that such regioosld be readily accessible to probing by the LHC.
We have made very few assumptions about the underlying Sit&aking dynamics associated with some much
higher energy scale, and hence defined all relevant MSSM pg@@ameters at the EW scale. (The mSUGRA
model was analysed as a possible GUT benchmark but failedawrsany potential for the considered decay
channel.) The discovery reach shown in Fig. 9 (for a readgrialourable choice of these parameters) illustrates
the possible power of this new channel.
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