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PREFACE

In this working group we have investigated the propects figjgkl boson searches at the Tevatron and
LHC and, in particular, the potential of these colliders &tedmine the Higgs properties once these
particles have been found. The analyses were done in thedvark of the Standard Model (SM) and
its supersymmetric extensions as the minimal (MSSM) and-teerinimal (NMSSM) supersymmetric
extensions. The work for the discovery potential of the LH&mty concentrated on the difficult regions
of previous analyses as those which are plagued by invislidgs decays and Higgs decays into su-
persymmetric particles. Moreover, the additional sigregiprovided by the weak vector-boson fusion
process (WBF) have been addressed and found to confirm thksre$ previous analyses. A major
experimental effort has been put onto charged Higgs bosalgses. The final outcome was a significant
improvement of the discovery potential at the Tevatron aH€Ithan previous analyses suggested.

For an accurate determination of Higgs boson couplingsthiheretical predictions for the signal
and background processes have to be improved. A lot of pgedras been made during and after this
workshop for the gluon-fusiogg — H + (0,1, 2jets) and the associatetd H production process.

A thorough study of the present theoretical uncertaintiesignal and background processes has been
initialized, culminating in a list of open theoretical pteims. A problem of major experimental interest
is the proper treatment of processes involving bottom gdansities, which is crucial for some important
signal and background processes. Further theoreticabweprents have been achieved for the MSSM
Higgs boson masses and Higgs bosons in the NMSSM.

This report summarizes our work. The first part deals witlotetcal developments for the sig-
nal and background processes. The second part gives ariewverfithe present status of Higgs boson
searches at the Tevatron. The third part analyzes invisllidjgs boson decays at the LHC and the forth
part the Higgs boson search in the WBF channel. Part 5 sumesatie progress that has been achieved
for A/JH — 777~ decays in the MSSM. In part 6 the status of the Higgs bosomriséatt H production
is presented. Finally, part 7 describes the charged Higgsrbanalyses in detail.
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ing. We also thank our colleagues of the QCD/SM and SUSY wagrkjroup for the very constructive
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A. Theoretical Developments

S. Balatenychev, G @anger, F. Boudjema, A. Cottrant, M. Carena, S. Catani,al.Duca, D. de Florian,
M. Frank, R. Godbole, M. Grazzini, S. Heinemeyer, W. HoMKJyn, W. Kilgore, R. Lafaye, S. Moretti,
C. Oleari, A. Pukhov, D. Rainwater, DP Roy, C. Schmidt, A.&aw M. Spira, C. Wagner, G. Weiglein
and D. Zeppenfeld

Abstract

New theoretical progress in Higgs boson production anddpacid processes
at hadron colliders and the relations between the MSSM Higgen masses
is discussed. In this context new proposals for benchmarkpm the MSSM
are presented. Additional emphasis is put on theoreticales of invisible
SUSY Higgs decays and multiple Higgs boson production witheé NMSSM.

1. Higgs boson production at hadron colliders: signal and bekground processe}
1.1 Introduction

The Higgs mechanism is a cornerstone of the Standard Mot 48d its supersymmetric extensions.
Thus, the search for Higgs bosons is one of the most impoetaagavors at future high-energy experi-
ments. In the SM one Higgs doublet has to be introduced inrdodbreak the electroweak symmetry,
leading to the existence of one elementary Higgs bo#bffl]]. The scalar sector of the SM is uniquely
fixed by the vacuum expectation valueof the Higgs doublet and the massy of the physical Higgs
boson [B]. The negative direct search for the Higgsstrahpiocess e~ — ZH at the LEP2 collider
poses a lower bound dfl4.1 GeV on the SM Higgs mas$|[B, 4], while triviality argumentsci® the
Higgs mass to be smaller than1 TeV [f].

Since the minimal supersymmetric extension of the Stanféwdel (MSSM) requires the in-
troduction of two Higgs doublets in order to preserve suparsetry, there are five elementary Higgs
particles, two CP-evermy( H), one CP-odd 4) and two charged onegd("). At lowest order all cou-
plings and masses of the MSSM Higgs sector are fixed by twapintl#ent input parameters, which
are generally chosen asn 3 = vy/v;, the ratio of the two vacuum expectation valugs, and the
pseudoscalar Higgs-boson mass. At LO the light scalar Higgs mass, has to be smaller than
the Z-boson massn;. Including the one-loop and dominant two-loop correctitims upper bound
is increased ton, < 135 GeV [649]. The negative direct searches for the Higgssirahlprocesses
ete” — Zh, ZH and the associated productiehe™ — Ah, AH yield lower bounds ofn, g > 91.0
GeVandm > 91.9 GeV. The rang®.5 < tan 8 < 2.4in the MSSM is excluded by the Higgs searches
at the LEP2 experiment§] [3, 4].

The intermediate mass range,; < 196 GeV at 95% CL, is also favored by a SM analysis of
electroweak precision datfl [3, 4]. In this contribution witl therefore concentrate on searches and
measurements fany < 200 GeV. The Tevatron has a good chance to find evidence for sudhggsH
boson, provided that sufficient integrated luminosity canabcumulated [10]. The Higgs boson, if it
exists, can certainly be seen at the LHC, and the LHC can geovieasurements of the Higgs boson
mass at tha0~3 level [1][1R], and measurements of Higgs boson couplingsea’ to 10% level[[13].
Both tasks, discovery and measurement of Higgs propertegsire accurate theoretical predictions of
cross sections at the LHC, but these requirements becortieytenly demanding for accurate coupling
measurements.

In this contribution we review the present status of QCD walkions of signal and background
cross sections encountered in Higgs physics at hadrorderdli Desired accuracy levels can be esti-
mated by comparing to the statistical errors in the deteatiin of signal cross sections at the LHC.

D. Rainwater, M. Spira and D. Zeppenfeld



For processes likél — ~v, where a very narrow mass peak will be observed, backgrooadse
accurately determined directly from data. For other dedmnoels, likeH — bb or H — 77, mass res-
olutions of order 10% require modest interpolation fromebnds, for which reliable QCD calculations
are needed. Most demanding are channelsfike- W+W~ — l+l—]éT, for which broad transverse
mass peaks reduce Higgs observation to, essentially, dioguuxperiment. Consequently, requirements
on theory predictions vary significantly between channiishe following we discuss production and
decay channels in turn and focus on theory requirementshéoptediction of signal and background
cross sections. Because our main interest is in couplingunements, we will not consider diffractive
channels in the following, which are model-dependent ane karge rate uncertaintief [14]; potentially,
they might contribute to Higgs discovery if, indeed, crosst®ns are sufficiently large.

1.2 Gluon fusion

The gluon fusion mechanisgy — ¢ provides the dominant production mechanism of Higgs bosons
at the LHC in the entire relevant mass range up to about 1 Téki@rSM and for small and moderate
values oftan 3 in the MSSM [Ih]. At the Tevatron this process plays the rafvole for Higgs masses
between about 130 GeV and about 190 GEY [10]. The gluon fysiocess is mediated by heavy quark
triangle loops and, in the case of supersymmetric theobgsquark loops in addition, if the squark
masses are smaller than about 400 GeV [16], sed]Fig. 1.
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Fig. 1: Typical diagram contributing tgg — ¢ at lowest order.

In the past the full two-loop QCD corrections have been deiteed. They increase the production
cross sections by 10-80% [17], thus leading to a significhahge of the theoretical predictions. Very
recently, Harlander and Kilgore have finished the full NNLaloailation, in the heavy top quark lim[t][18,
f[9]. This limit has been demonstrated to approximate thienfialssiveK factor at NLO within 10%
for the SM Higgs boson in the entire mass range up to 1 Te)V [ABjus, a similar situation can be
expected at NNLO. The reason for the quality of this appraion is that the QCD corrections to the
gluon fusion mechanism are dominated by soft gluon effedéch do not resolve the one-loop Higgs
coupling to gluons. Fig]2 shows the resultikgfactors at the LHC and the scale variation of tiie
factor. The calculation stabilizes at NNLO, with remainswale variations at the 10 to 15% level. These
uncertainties are comparable to the experimental errorshwian be achieved with 200 of data at
the LHC, see solid lines in Fid] 3. The full NNLO results comfiearlier estimates which were obtained
in the frame work of soft gluon resummatidn [20] and soft apgmations [2L[2)2] of the full three-loop
result. The full soft gluon resummation has been perfornme®ef. [23]. The resummation effects
enhance the NNLO result by about 10% thus signaling a pextiveb stabilization of the theoretical
prediction for the gluon-fusion cross section.

In supersymmetric theories the gluon fusion cross secfarthe heavy HiggsH, and, for small
m 4, also for the light Higgsh, may be dominated by bottom quark loops for large valugawfs > 10
so that the heavy top quark limit is not applicable. This carclearly seen in the NLO results, which
show a decrease of th€ factor down to about 1.1 for largen 3 [[[7]. This decrease originates from
an interplay between the large positive soft gluon effects large negative double logarithms of the
ratio between the Higgs and bottom masses. In addition,htapesof thep, distribution of the Higgs
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From Ref. ].

boson may be altered; if the bottom loop is dominant,thespectrum becomes softer than in the case
of top-loop dominance. These effects lead to some modelndiemee of predicted cross sections.

Let us now turn to a discussion of backgrounds for individieday modes.

(i) ¢ — ~vv: At the LHC the SM Higgs boson can be found in the mass range apaout 150 GeV by
means of the rare photonic decay mdde— ~v [L1,[12]. The dominant Higgs decayg — bb, 77~

are overwhelmed by large QCD backgrounds in inclusive esrcThe QCDy~ background is known
at NLO, including all relevant fragmentation effects. Thegent status is contained in the program
DIPHOX [R3]. The loop mediated procegg — ~~ contributes about 50% to they background and
has been calculated at NLO very recenfly] [26]. However, aerigal analysis of the two-loop result is
still missing.

Once the experiment is performed, the diphoton backgroande determined precisely from the
data, by a measurementdf /dm.,, on both sides of the resonance peak. The NLO calculationssare
ful, nevertheless, for an accurate prediction of expectedracies and for a quantitative understanding
of detector performance.

(i) H — W+W~: This mode is very important for Higgs masses abid{air but belowZ-pair thresh-
old, whereB(H — WW) is close to 100%. In order to suppress the— bbW W ~ background for
WHW— final states, a jet veto is crucial. However, gluon fusiorehees sizeable contributions from
real gluon bremsstrahlung at NLO, which will also be affdchy the jet veto. These effects have re-
cently been analyzed in Ref_]27], in the soft approximatiorthe full NNLO calculation. A veto of
additional jets withpr; > 15 GeV, as e.g. envisioned by ATLA$ [12], reduces the NNEKfactor to
aboutK = 0.8, i.e. one loses more than 60% of signal events. In additierstiale dependence of
the cross section starts to grow with such stringent veter@i These effects need to be modeled with
a NLO Monte Carlo program foff + jet production in order to reach a reliable quantitative refarlt
the signal rate. Since stop and sbottom loops are sizeablg&rsymmetric theories for squark masses

2|t should be noted that for this strong cutzim; the NNLO result may be plagued by large logarithms of this winich
have to be resummed, s [23].
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Fig. 3: Expected relative error on the determination®# for various Higgs search channels at the LHC with 200 ‘ftof
data @]. Solid lines are for inclusive Higgs productionasinels which are dominated by gluon fusion. Expectations fo
weak boson fusion are given by the dashed lines. Dotted éireefor tZH production withH — bb [E] (black) andH —
w*w - [Bd] (red) and assume 300 14 of data.

below about 400 GeV, their inclusion is important in thesegtigations.

From the perspective of background calculatiofls,— W is the most challenging channel.
Backgrounds are of the order of the signal rate or largerchvteéquires a 5% determination or better for
the dominant background cross sections in order to matcht#tistical power of LHC experiments. In
fact, the large errors at;; < 150 GeV depicted in Fig[]3dg — H — WW curve) are dominated by an
assumed 5% background uncertainty. Clearly, such smalisscannot be achieved by NLO calculations
alone, but require input from LHC data. Because of two mgssieutrinos in thé?V W - — 71~ p,
final state, the Higgs mass cannot be reconstructed direBifither, only wide(i*~; p,) transverse
mass distributions can be measured, which do not permigbtfarward sideband measurements of the
backgrounds. Instead one needs to measure the normalinditibe backgrounds in signal poor regions
and then extrapolate these, with the help of differentiaksrsections predicted in perturbative QCD, to
the signal region. The theory problem is the uncertaintyhin gshape of the distributions used for the
extrapolation, which will depend on an appropriate choitéhe “signal poor region”. No analysis of
the concomitant uncertainties, at LO or NLO QCD, is avaéaiol date.

After the jet veto discussed above, the dominant backgrquadesses argp — WTW~ and
(off-shell) ¢t production [IL[TR]. W*W ~ production is known at NLO[]28] and available in terms
of parton level Monte Carlo programs. In addition, a full Nlc@lculation including spin correlations
of the leptoniclV, Z decays, in the narrow width approximation, is availatjld].[28or Higgs boson
masses below thé’ *1W ~(Z Z) threshold, decays inid’ W*(Z Z*) are important[[1%,30]. Since hadron
colliders will be sensitive to these off-shell tails, tobetbackgrounds frony'V* production become
relevant. There is no NLO calculation dfV* background processes available so far, so that it is not
clear if NLO effects will be significant in the tails of didbttions needed for the Higgs search in these
cases. Moreover, fdi”W* production the inclusion of spin correlations among thel fitate leptons is
mandatory [3{L].

Top quark backgrounds arise from top-pair aft’b production. Recently, a new theoretical
analysis ofpp — t™*){*) has become available including full lepton correlationd efi-shell effects of
the final state top quarks arising from the non-zero top degdsh [B2]. This calculation automatically



includespp — tbIW and those contributions top — bbW W ~, which are gauge-related tdW/
couplings and describes the relevant tails for the Higgecheat LO. It is now necessary to investigate
the theoretical uncertainties of this background. A NLQgHition of off-shell top-pair production may
well be needed to reach the required 5% accuracy for ex@tpnlto the Higgs search region.

Other important reducible backgrounds are thet, Ztt, Wbb and Zbb production processes.
While V¢t (V = W, Z) production is only known at LO, the associated vector bgsouction withbb
pairs is known at NLO including a soft gluon resummatipn [33usV bb production can be considered
as reliable from the theoretical point of view, while a fulL® calculation forV'¢¢ production is highly
desirable, since top mass effects will play a significané.rdh addition, the background fropp —
tH~,gb — tH™ has to be taken into account within the MSSM framework. THe.fd matrix elements
are included in the ISAJET Monte Carlo program, which cariyhs used for experimental analyses.

(i) H — ZZ — 4¢*: A sharp Higgs peak can be observed in the four lepton invarizass distribu-
tion. Hence, theZZ — 4¢* backgrounds are directly measurable in the sidebands andataly be
interpolated to the signal region.

1.3 qq — qqH

In the SM theW W, Z Z fusion processegq — qqV*V* — qqH play a significant role at the LHC for
the entire Higgs mass range up to 1 TeV. We refer to them as b@sdn fusion (WBF). The WBF cross
section becomes comparable to the gluon fusion cross sdotitliggs masses beyonrd 600 GeV [[L5]

and is sizable, of order 20% ofgg — H), also in the intermediate mass region. The energetic qatsk j

in the forward and backward directions allow for additiooals to suppress the background processes to
WBF. The NLO QCD corrections can be expressed in terms ofdhgentional corrections to the DIS
structure functions, since there is no color exchange aiiee two quark lines at LO and NLO. NLO
corrections increase the production cross section by aftand are thus small and under theoretical
control [34[3b]. These small theory uncertainties make VéR#Ery promising tool for precise coupling
measurements. However, additional studies are neededdssathe theoretical uncertainties associated
with a central jet veto. This veto enhances the color singkehange of the signal over color octet
exchange QCD backgrounds][36}-39].

In the MSSM, first parton level analyses show that it shoulghdxsible to cover the full MSSM
parameter range by looking for the light Higgs deéay> 77~ (for m4 = 150 GeV) and/or the heavy
Higgs H — 7t resonance (for a relatively smah ) in the vector-boson fusion processés| [40].
Although these two production processes are suppresshdegipect to the SM cross section, their sum
is of SM strength.

For the extraction of Higgs couplings it is important to oliguish between WBF and gluon fusion
processes which lead & + j; final states. With typical WBF cuts, including a central jeto; gluon
fusion contributions are expected at order 10% of the WBIB<eCtion, i.e. the contamination is
modest [41[42]. The gluon fusion processes are mediatecelyyhtop and bottom quark loops, in
analogy to the LO gluon fusion diagram of F[§j. 1. The full messross section foFl + j; production
via gluon fusion has been obtained only recenfly [41], whiemer analyses were performed in the
heavy top quark limit[[43]. Since stop and sbottom loopsdylsizeable contribution to the inclusive
gluon fusion cross section, a similar feature is expecteddfa- j; production. Thus, it is important to
compute the effects of stop and sbottom loopdiint+ j;j gluon fusion processes, which has not been
done so far.

(i) H — ~~: Parton level analyses show thidt— ~~ decays in WBF Higgs production can be isolated
with signal to background ratios of order ofie][36] and witttistical errors of about 15%, for 2007fh of

data (see Fid]3). Like for the inclusivé — ~+ search, background levels can be precisely determined
from a sideband analysis of the data. Prior to data takingelier, full detector simulations are needed



to confirm the parton level results and improve on the sedrekegjies.

Improved background calculations are desirable as wepatticular, theop — ~~j;j background
via quark loops (see Fif] 4) has not been calculated so far.

Fig. 4: Typical diagrams contributing tgg — ~+y;jj at lowest order.

(i) H — 7777 : The observation off — 77 decays in WBF will provide crucial information on Higgs
couplings to fermiong ]3] and this channel alone guaranktiggs observation within the MSSNI [40]
and may be an important discovery channel at low pseudoseeas,n 4. Recent detector simula-
tions [42] confirm parton level result§ [37] for the obseiligbof this channel. (See Fid] 3 for parton
level estimates of statistical errors.)

The 77~ -invariant mass can be reconstructed at the LHC with a réealof order 10%. This
is possible in thegg — ggH mode because of the large transverse momentum of the Higgsirr
this means a sideband analysis can be used, in principlérectlg measure backgrounds. The most
important of these backgrounds is QCI); production (from QCD corrections to Drell-Yan) or elec-
troweakZ;; production via WBF [37]. The (virtual) Z (or photon) then dgs into ar*+~ pair. These
7 jj backgrounds, with their highly nontrivial shape aroungd, ~ m, can be precisely determined be
observingZ — ete™, uTp~ events in identical phase space regions. TheoreticallR®B 7 ;j; back-
ground is under control also, after the recent calculatfth@full NLO corrections [44]. For the 7~
backgrounds the inclusion efpolarization effects is important in order to obtain releatau-decay dis-
tributions which discriminate between signal proces#eg/(— 7"7~) and backgrounds. This can be
achieved by linking the TAUOLA progranj [U5] to existing Men€arlo programs.

@iy H — WW — (t¢~p: The most challenging WBF channel 8 — W ®) decay which does
not allow for direct Higgs mass reconstruction and, henceglpdes a simple sideband determination
of backgrounds. The important backgrounfl§ [3B, 39] invdbigtual) 17 pairs, namely top decays in
tt+jets production, and QCD and electrowdakiV j; production. QCD and EWrj; production are
subdominant after cuts, they are known at NI[Q [44], and tleeyie determined directly, in phase space
regions for jets which are identical to the signal region arith high statistics, by studying™e~ or
wp~ pairs instead of 7.

Demands on QCD calculations can be estimated by comparmgfthcts of systematic back-
ground errors on the measurement of the signal rate wittstitat errors achievable at the LHC with
200 fbo~! of data. Results are shown in F[g. 5 for an assumed 10% erroek@r-jets), a 50% error on
the QCD WWijj rate, and a 30% error on the electroweak WWijj.rdtke latter two should be achiev-
able from a LO extrapolation from signal poor to signal rielgions of phase space. A 10% error of
o(tt+jets), on the other hand, may require a NLO calculation, mi@aar of the on-sheli + 1 jet cross
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Fig. 5: Contributions of background systematic erradks to a measurement ofy = c B(H — WW) in WBF. Shown, from
bottom to top, are the effects of a 10% uncertainty ofithe; rate (dotted line), a 50% error on the QCD WWijj rate (blue
dash-dotted), a 30% error on the electroweak WWijj rate (grdash-dotted), and a 10% error an(tt-+jets) (red dashes).
The long-dashed line adds these errors in quadrature. Fongarison, the solid line shows the expected statisticalrefor
200 fo ! . The vertical line at 145 GeV separates analyses optimizestiall [@] and large ] Higgs masses.

section which dominates the background. Off-shell effects have recently been studiede]83] and
a0(20%) increase of thet background was found, which, presumably, is small enougletmit the in-
clusion of off-shell effects at LO only. However, a dedichstudy is needed to devise optimal techniques
for a reliable background determination fir— W searches in WBF, for all major backgrounds.

(iv) Jet veto and Jet Tagginddackground suppression in the WBF channels relies on édoblvard jet
tagging to identify the scattered quark jets of the— gq¢H signal and it employs a veto of relatively
soft central jets (typically opr > 20 GeV) to exploit the different gluon radiation patterns anG@y
scales oft-channel color singlet versus color octet exchange. Teassvmomenta of these tagging or
veto jets are relatively small for fixed order perturbatiedécalations of hard processes at the LHC. Thus,
dedicated studies will be needed to assess the appligabililLO QCD for the modeling of tagging
jets in WBF and for the efficiency of a central jet veto in theés signal. First such studies have been
performed in the past at LO, fdi’j;j or Zj;j events [46]. While NLO Monte Carlos for QCDj;j
production are now availabl§ [44]47], the correspondingDNietermination of electroweadK;; cross
sections would be highly desirable. This would allow a corigma of calculated and measured veto
efficiencies in a WBF process. These efficiencies must be kraivthe few percent level for the signal
in order to extract Higgs couplings without loss of preaisio

At present, the veto efficiencies for signal and backgrouodgsses are the most uncertain aspect
of WBF Higgs production at the LHC. Any improvement in themderstanding, from QCD calculations,
from improved Monte Carlo tools, or from hadron collideraatould be very valuable.
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1.4 tt¢ production

SM Higgs boson production in association withpairs plays a significant role at the LHC for Higgs
masses below about 130 GeV, since this production mechaniskas the observation & — bb pos-
sible [11[1p[24] 49, 49]. The decdy — ~~ is potentially visible in this channel at high integrated
luminosity. For Higgs masses above about 130 GeV, the dBcay W W~ can be observed [0}t H
production could conceivably be used to determine the tdg@aWa coupling directly from the cross sec-
tion, but this requires either assumptions about the biagafatio for # — bb, which are not justified in
extensions of the SM, or observability of decay to eitheior W1 ~. Recently, the NLO QCD correc-
tions have become available. They decrease the crossrsattiee Tevatron by about 20-309%][F]], 52],
while they increase the signal rate at the LHC by about 20—{B®#}6 The scale dependence of the pro-
duction cross section is significantly reduced, to a levadlmfut 15%, which can be considered as an
estimate of the theoretical uncertainty. Thus, the sigat® is under proper theoretical control now. In
the MSSM,tth production withh, — ~+, bb is important at the LHC in the decoupling regime, where
the light scalarh behaves as the SM Higgs bosdn| [L1[12[24][ 48, 49]. Thus, theeSiits can also be
used fortth production in this regime.

(i) tt¢p — ttbb: The major backgrounds to the — bb signal in associatetf¢ production come from
ttjj andttbb production, where in the first case the jets may be misidedtii jets. A full LO calcula-
tion is available for these backgrounds and will be incluitethe conventional Monte Carlo programs.
However, an analysis of the theoretical uncertaintiesillsngissing. A first step can be made by study-
ing the scale dependence at LO in order to investigate tleeteffon the total normalization and the
event shapes. But for a more sophisticated picture a full Maulation is highly desirable. A second
guestion is whether these backgrounds can be measurederpgbements off the Higgs resonance and
extrapolated to the signal region.

(i) tt¢ — ttyy: Thetivyy final states develop a narrow resonance in the invarignnhass distribution,
which enables a measurement of they background directly from the sidebands.

(i) tt¢ — ttW W —: This channel does not allow reconstruction of the Higgstdad, it relies on a
counting experiment of multiplepton final states where thekiground is of approximately the same size
as the signal[[30]. The principal backgrounds #é j;j andtt¢*¢~(j4), with minor backgrounds of
tW+W~ andtttt. For the3/ channel, the largest backgroundti€*™¢— where one lepton is lost. It
is possible that this rate could be measured directly folgpton pair at theZ pole and the result ex-
trapolated to the signal region of phase space. Howevett¥oj; backgrounds the QCD uncertainties
become large and unknown, due to the presence of two adalitsarft jets in the event. Further inves-
tigation of these backgrounds is essential, and will probedguire comparison with data, which is not
expected to be trivial.

1.5 bb¢ production

In supersymmetric theorid®¢ production becomes the dominant Higgs boson productiorharnésm
for large values ofan 3 [[L3], where the bottom Yukawa coupling is strongly enhandedcontrast to
tt¢ production, however, this process develops potentialigeldogarithmsog mi/mz, in the high-
energy limit due to the smallness of the bottom quark masghndre related to the developmenttof
densities in the initial state. They can be resummed by evplheb densities according to the Altarelli—
Parisi equations and introducing them in the productioreg@ss [53]. The introduction of conventional
b densities requires an approximation of the kinematics efrtéird process, i.e. the initialquarks are
assumed to be massless, have negligible transverse momantutravel predominantly in forward and
backward direction. These approximations can be testewifutl gg — bbg process. At the Tevatron it
turns out that they are not valid so that the effective cressien forbb — ¢ has to be considered as an
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overestimate of the resummed result. An improvement ofrdgammation requires an approach which
describes the kinematics of the hard process in a better Mageover, since the experimental analyses
require 3 or 4b tags [1P£72], the spectatbérquarks need to have a sizeable transverse momentum of
at least 15-20 GeV. Thus a resummation of a different typeotérgially arising logarithms, namely
log mi /(m2 + p? ..) is necessary. This can be achieved by the introduction ofieigtegrated parton
densities [54] or an extension of the available resummaéohniques.

As afirst step, however, we have to investigate if the eneftjyeoTevatron and LHC is sufficiently
large to develop the factorization of bottom densities.sTactorization requires that the transverse mo-
mentum distribution of the (anti)bottom quark scales like/dpry, < pry/(mi + p2,) for transverse
momenta up to the factorization scale of the (anti)bottomsilg The transverse momentum distribu-
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Fig. 6: Transverse momentum distributions of the bottom quaméii production for two Higgs masses at the LHC. We
have adopted CTEQ5M1 parton densities and a bottom mass 6t 4.62 GeV. The solid lines show the full LO result from
qq, 99 — bbH and the dashed lines the factorized collinear part, whicakisorbed in the bottom parton density. The upper
curves are divided by the factpir, /(m7 + p7,) of the asymptotic behavior, which is required by factoigdimttom densities.

tions at the LHC are shown in FifJ. 6, for two different Higgsssas. The solid curves show the full
distributions of the;q, gg — bb¢ processes, while the dashed lines exhibit the factorizéthear part,
which is absorbed in the bottom density. For a proper fazation, these pairs of curves have to co-
incide approximately up to transverse momenta of the orfiéreofactorization scale, which is usually
chosento be.r = O(mpy). Itis clearly visible that there are sizeable differencesueen the full result
and the factorized part, which originate from sizeabledstmass and phase space effects, that are not
accounted for by an active bottom parton density. Moredberfull result falls quickly below the ap-
proximate factorized part for transverse momenta of therawéin 7 /10, which is much smaller than the
usual factorization scale used for the bottom densitiesciMelude from these plots thélip production

at the LHC develops sizeable bottom mass effects, so thaisgbef bottom densities in the process
bb — ¢ may lead to an overestimate of the correct theoretical rélsie to too crude approximations in
the kinematics of the hard process. The full NLO calculatidrthe gg — bbo will yield much more
insight into this problem, since the large logarithms edatio the evolution of bottom densities have to
appear in the NLO corrections, if the picture of active battguarks in the proton is correct.
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1.6 ZH,W H production

Higgsstrahlung impg — W H, ZH plays a crucial role for the Higgs search at the Tevatronjenihi

is only marginal at the LHC. At the Tevatron it provides thievant production mechanism for Higgs
masses below about 130 GeV, whéfe— bb decays are dominarft [10]. The NLO QCD corrections have
been analyzed in the past. They are identical to the QCD ctiwres to the Drell-Yan processeg —
W, Z, if the LO matrix elements are replaced accordingly. QCDraxiions increase the production
cross sections by about 30—40p4|[35, 55].

The most important backgrounds at the Tevatron/Erg and in particulad? bb production. Both
are known at NLO and are contained in a NLO Monte Carlo prodfath The same applies also to the
737 and in particularZbb backgrounds[[33,44]. In addition, th&background is relevant.

1.7 Conclusions

Considerable progress has been made recently in improvib@ alculations for Higgs signal and
background cross sections at hadron colliders. Notewaxaynples are the NNLO corrections to the
gluon fusion cross sectiof [19], the QCDj;j cross section at NLJ [#4] and the determination of full
finite top andiW’ width corrections tdt andtt; production at LO[[3R]. These improvements are crucial
for precise coupling determinations of the Higgs boson.

Much additional work is needed to match the statistical powfehe LHC. Largely, QCD sys-
tematic errors for coupling measurements have not beeryzathlyet. Additional NLO tools need
to be provided as well, and these include NLO correctionst toroduction with finite width effects
andtt; production at zero top width. A better understanding of i@ret veto efficiencies is crucial
for the study of WBF channels. These are a few examples wheazdtical work is needed. Many
more have been highlighted in this review. Higgs physicshattHC remains a very rich field for
phenomenology.

2. Direct Higgs production and jet vetcﬁ

Direct Higgs production through gluon—gluon fusion, felled by the decaydy — W*W*, Z*Z* is a
relevant channel to discover a Higgs boson with miass My < 190 GeV both at the Tevatron and
at the LHC. In particular, the decay motle*W* — I*1~vi is quite important[[J0E32, B1], since it is
cleaner tharV*W* — [vj4, and the decay ratdl — W*W* is higher thanH — Z*Z* by about one
order of magnitude.

An important background for the direct Higgs sigdal — W*W* — [T1~vi is tt production
(tW production is also important at the LHC), where— [ob, thus leading td jets with highpr
in the final state. If thé quarks are not identified, a veto cut on the transverse marahhe jets
accompanying the final-state leptons can be applied to eehtéie signal/background ratio. Imposing a
jet veto turns out to be essential, both at the Tevafrof{ [B]0abd at the LHC[[1|1, 1%, B1], to cut the hard
b jets arising from this background process.

Here we study the effect of a jet veto on direct Higgs productiMore details can be found in
Ref. [27]. The events that pass the veto selection are thithedff < pyeto, wherep) is the transverse
momentum of any final-state jets, defined by a cone algoriffine. cone sizeR of the jets will be fixed
at the valueR = 0.4.

The vetoed cross section®* (s, M7; pit°, R) can be written as
Vet (s, M%;p%ato,R) = o(s, MIZJ) — Ao(s, Mé;p?to, R) , Q)

whereo (s, M%) is the inclusive cross section, addb is the ‘loss’ in cross section due to the jet-veto
procedure. The jet-vetoed cross section is evaluated g ube larged/;,, limit. At NLO (NNLO)

33, Catani, D. de Florian and M. Grazzini
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the calculation is performed by subtracting the LO (NLO)ssreection for the production of Higgs plus
jet(s) from the inclusive NLO (NNLO) result.

The NLO calculation is exact: apart from using the lafggs;, limit, we do not perform any further
approximations. At the NNLO, the contributialho to Eq. (1) is again evaluated exactly, by using the
numerical program of Ref[ [b7]. To evaluate the contributaf the inclusive cross section we use the
recent result of Ref[[2{, £2], and in particular, we rely am approximate estimate NNLO-SV{]21].
In the following we present both NLO and NNLO numerical réstibr the vetoed cross section. The
results are obtained by using the parton distributions ef MRST2000 set[[§8], with densities and
coupling constant evaluated at each corresponding ordee. MRST2000 set includes (approximate)
NNLO parton densities.
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Fig. 7: Vetoed cross section and K-factors: NLO results at the Temd®un Il.

We first present the vetoed cross section at the Tevatron IRumAig. [§ we show the dependence
of the NLO results on the Higgs mass for different valuegXsf° (15, 20, 30 and 50 GeV). The vetoed
cross sections¥°'° (s, MZ; p¥¢*, R) and the inclusive cross sectiotfs, M%) are given in the plot on
the left-hand side. The inset plot gives an idea of the ‘l@s€ross section once the veto is applied, by
showing the ratio between the cross section differeheén Eq. (1) and the inclusive cross section at the
same perturbative order. As can be observed, for large valiithe cut, say)}eto = 50 GeV, less than
10% of the inclusive cross section is vetoed. The veto effereases by decreasipéf*, but it is still
smaller than 30% whep¥**® = 15 GeV. On the right-hand side of Fif]. 7, we show the correspandi
K-factors, i.e. the vetoed cross sections normalized td.e&esult, which is independent of the value
of the cut. Figur¢]8 shows the analogous results at NNLO. dnfive show the LO, NLO and NNLO-
SVC K-factor bands, computed by varing renormalizatiop)(and factorization ) scales in the range
1/2My < pp, pr < 2Mp and normalizing to the LO contribution af = ur = My. The calculation
is done withp¥**® = 15 GeV. Comparing Fig.]9 with the inclusive case (see Hel. [2¥B see that the
effect of the veto is to partially reduce the relative diffiece between the NLO and NNLO results; the
increase of the corresponding K-factors can be estimatatdat25%.

The results for the vetoed cross sections at the LHC aremtessin Figs[ 10 anf 11 foreto = 20,
30, 50 and 70 GeV. At fixed value of the cut, the impact of theggo, both in the ‘loss’ of cross section
and in the reduction of the K-factors, is larger at the LHOnthathe Tevatron Run Il. This effect can
also be appreciated by comparing Hid. 12 and [fig. 9. At the ltH€value op¥** = 30 GeV is already
sufficient to reduce the difference between the NNLO and Nésdilits to less thah0%.

The results presented above can be interpreted accordigitople physical picture. The dom-
inant part of QCD corrections is due to soft and collineaiatoh [2]]. The characteristic scale of the
highest transverse momenty§i** of the accompanying jets jg:** ~ (1 — z) My, where the average
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Fig. 12: The same as in Fi¢] 9, but at the LHC and wif* = 30 GeV.

value (1 — z) = (1 — M%/3) of the distance from the partonic threshold is small. As aseqmence
the jet veto procedure is weakly effective unless the valugj8° is substantially smaller thapf?*~.
Decreasingy*, the enhancement of the inclusive cross section due toadifition at higher orders is
reduced, and the jet veto procedure tends to improve thesagence of the perturbative series. At the
LHC Higgs production is less close to threshold than at thaffen and, therefore, the accompanying
jets are harder. This is the reason why, at fixgt°, the effect of the jet veto is stronger at the LHC than
at the Tevatron.

Whenp¥* is much smaller than the characteristic sgafg* ~ (1 — z) My, the perturbative
expansion of the vetoed cross section contains large thgad contributions that can spoil the conver-
gence of the fixed-order expansiondg. Since(l — z) My is larger at the LHC than at the Tevatron,
the value ofp¥* at which these effects become visible is larger at the LHCels at the Tevatron the
perturbative calculation fopi**® = 15 GeV seems still to be reliable, at the LHC, with the same value
of p¥ete, the perturbative result suggests that the effect of thegarithmic contributions is largé [P7].

Note added. After the completion of this work, the full NNLO QCD contritdan to inclusive Higgs
boson production has been computgd [19]. These resulteittuthose in the present paper through
Eqg. (1), since in our NNLO calculation the inclusive crosstiem o (s, M%) is evaluated by using the
approximate (soft-collinear) estimate (named NNLO-SVERef. [21]. We have considered the effect
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of the additional hard corrections of Reff.J19] and, as etex{21[2}], we find that they are relatively
small. The inclusive cross section at full NNLO is smallearttits NNLO-SVC approximation by about
5% (7%) at the LHC (Tevatron Run Il). This correction can directéydpplied to our results. For instance,
the NNLO K-factors in Figd]g]9 arld]11 can be modifiedias~ K — AK, whereAK = 0.20-0.21

at the Tevatron andh K’ = 0.11-0.13 at the LHC (the variations &€ K correspond to variations of the
Higgs mass in the range considered in the Figures).

3. The high-energy limit of H + 2 jet production via gluon fusionf]

Atthe Large Hadron Collider (LHC), the main production chels of a Higgs boson are gluon fusion and
weak-boson fusion (WBF]T1R,b9]. The WBF procegs— gqH, occurs through the exchange ofia

or aZ boson in the channel, and is characterized by the production of two foiwgaark jets[[60]. Even
though it is smaller than the gluon fusion channel by aboaictof of 5 for an intermediate mass Higgs
boson, it is interesting because it is expected to provittenmation on Higgs boson couplingg J13]. In
this respectH + 2 jet production via gluon-gluon fusion, which has a largerdurction rate before cuts,
can be considered a background; it has the same final-staik ¢y, and thus may hide the features of
the WBF process.

In Higgs production via gluon fusion, the Higgs boson is praed mostly via a top quark loop.
The computation off 4-2 jet production involves up to pentagon quark lodp$ [41]. leeer, if the Higgs
mass is smaller than the threshold for the creation of a t@plgpair, My < 2M,, the coupling of the
Higgs to the gluons via a top-quark loop can be replaced byfaatiee coupling [E]L]: this is called the
large-M; limit. It simplifies the calculation, because it reduces the nurobops in a given diagram
by one. InH + 2 jet production, the largé4; limit yields a good approximation to the exact calculation
if, in addition to the condition\/; < 2M;, we require that the jet transverse energies are smalletthiea
top-quark massy, < M, [AT]. However, the largél/; approximation is quite insensitive to the value
of the Higgs—jet and/or dijet invariant masses. The lastess not academic, because Higgs production
via WBF, to which we should like to compare, features typgyctio forward quark jets, and thus a large

dijet invariant mass.

In this contribution, we considdil +2 jet production when Higgs—jet and/or dijet invariant masse
become much larger than the typical momentum transferseirsthttering. We term these conditions
the high-energy limit In this limit the scattering amplitude factorizes intapact factorsconnected
by a gluon exchanged in thechannel. Assembling together different impact factors, dmplitudes
for different sub-processes can be obtained. Thus the dnghgy factorization constitutes a stringent
consistency check on any amplitude for the production ofggbliplus one or more jets.

In the high-energy limit off + 2 jet production, the relevant (squared) energy scales angetion
center-of-mass energy the Higgs mas3a/2, the dijet invariant mass;, ;,, and the jet-Higgs invariant
masses;,; ands;,. Atleading order they are related through momentum coasery,

8 = Sj1jo + Sjiu + Sjou — Mle . (2)

There are two possible high-energy limits to consider;, > sj,u, Sjou > M2 andsj,j,, Sjou >

i1, M2 In the fi he Hi b [ lly | d indigpb h ' d
sju, My. In the first case the Higgs boson is centrally located indigppbetween the two jets, and very
far from either jet. In the second case the Higgs boson iedim®ne jet, say to jet;, in rapidity, and
both of these are very far from jgt. In both cases the amplitudes will factorize, and the reiettiggs
vertex in case 1 and the Higgs—gluon and Higgs—quark impatdifs in case 2 can be obtained from the
amplitudes foy Q — ¢ @ H andq g — ¢ g H scattering.

4V. Del Duca, W.B. Kilgore, C. Oleari, C.R. Schmidt and D. Zagpld
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The high-energy limit sj, j, >> Sjiu, Sjou > M2

We consider the production of two partons of momentandps and a Higgs boson of momentuyy,

in the scattering between two partons of momentandp,, where all momenta are taken as outgoing.
We consider the limit in which the Higgs boson is producedredly in rapidity, and very far from either
jet, sj.5, = sju, Sjn > M2, which is equivalent to require that

pr>>pl>pl, p <pp <py, 3)

where we have introduced the light-cone coordinates= p, + p., and complex transverse coordinates
p1 = p® +ipY. In the limit (), the amplitudes are dominated by gluon exaye in thet channel, with
emission of the Higgs boson from thechannel gluon. We can write the amplitude fof) — ¢ Q H
scattering in the high-energy limit ds J62]

i MITTHW (v Y H | s )

Gor —u 1 / 1
= 2 [9 chlaz Cq’q(PQ 1§p11)] E {5@ CH(QlapH,(b)} g

[9 Tra, CT(py ”3;1953)} . @
whereq; = —(p1 + p2), @2 = p3 +pa, ti ~ —|qiL|?, i = 1,2, and thev’s are the quark helicities. In
Eq. (4) we have made explicit the helicity conservation gléme massless quark lines. The effective
vertex C%4 for the production of a quark jet,g* — ¢, contributes a phase factdr [63]: its square is 1.
The effective vertex for Higgs production along the gluotder,¢*¢* — H, with and off-shellg* is

C"(q1,pn, @2) = 29° M} [ - <m%1iA1(Q17QQ) - 2A2(Q17Q2)) : (5)

The scalar coefficients of the triangle vertex with two dfel gluons,4; », are defined in terms of the
form factorsFr and Fy, of Ref. [#]] as

A1 = iFT/(47T)2 s AQ =1 (FT Q- q2+ FL Q%qg) /(47T)2 . (6)

We have checked analytically that the amplitudedgor— ¢ g H scattering can also be written as
Eqg. (4), provided we perform on one of the two effective \wer$iC'%? the substitution (for the sake of
illustration, we display it here for the lower vertex)

ig PP CHI(piipy ) < g Ty CFUp, i pyt) @)

and use the effective verticg$ g — g for the production of a gluon jef [p3] (which contribute a paa
factor as well). The same check on the (squared) amplitude jo— ¢ g H scattering has been per-
formed numerically. Thus, in the high-energy linfit (3), #aeplitudes foryQ — ¢Q H, qg — qg H
andg g — g g H scattering only differ by the color strength in the jet-puotion vertex. Therefore, in a
production rate it is enough to consider one of them and declihe others through the effective parton
distribution function [B4] fett (z, y13) = G(x, u3) + (Cr/Ca) Xof [Qp(x, uk) + Qp (x, i%)], wherex

is the momentum fraction of the incoming parter; is the collinear factorization scale, and where the
sum is over the quark flavors.

In Fig. I3 we plot the cross section # + 2 jet production at the LHC energy’s = 14 TeV,
as a function ofAy, which is defined as the smallest rapidity difference betwe Higgs and the jets,
Ay = min(|y;, — yul, [¥j. — yx=|), with the kinematical constraing;, > yx > y;,. The solid line is
the exact production rate, with the amplitudes evaluateeh [4]]; the dashed line is the rate in the
high-energy limit [[B), with the amplitudes evaluated usigns. [B)-[{7). It is apparent that the high-
energy limit works very well over the wholAy spectrum. However, in the evaluation of the effective
vertex GS), we used the exact value of the scalar coefficidats A more conservative statement is to
say that when any kinematic quantity involved in the ampEt{4) is evaluated in the limif](3), we expect
the high-energy limit to represent a good approximatiorheféxact calculation whefiy > 2.
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Fig. 13: Cross section il + 2 jet production inpp collisions at the LHC energy/s = 14 TeV as a function ofAy, with
My = 120 GeV andM; = 175 GeV. The dijet invariant mass fulfills the constrajyig;, ;, > 600 GeV. The rapidity interval
Ay is defined as\y = min(|y;, — yul, lyj» — yul), with the kinematical constraint;, > yu > yj;,. The solid line is the
exact production rate; the dashed line is the rate in the-bighrgy limit.

The high-energy limit s, j,» Sjou > Sjiu, M2

H
Next, we consider the limit in which the Higgs is producedafard in rapidity, and close to one of the
jets, say to jefj;, and both are very far from jgt, i.e. s;,/,, Sjon > $j,u, M2. This limit implies that

Py ~phi>pi, p] ~pg <Dps . (8)

In this limit, the amplitudes are again dominated by gluoohexge in the channel, and factorize into
in effective vertex for the production of a jet and anothartf@ production of a Higgs plus a jet. For
example, in the limit[(8) the amplitude fqrg — ¢ g H scattering[[41] with the incoming gluon (quark)
of momentunyps (p4), can be written ag [$2]

ngquHq(P s H | psipy ™)
. . 1
= 2s[ig f2U°CTI(py2; pt, )] ;[ wian CTUpy 5 p5)] 9)

where C9#9(ps?; pi*, pu) is the effective vertex for the production of a Higgs bosod argluon jet,
g*g — gH. It has two independent helicity configurations, which we take to beC'%79(p; ; p, py)
andC¥%"9(pd; pi, pu) [B3]. High-energy factorization also implies that the aitugle forg g — g g H
scattering can be put in the forif] (9), up to replacing therimog quark with a gluon via the substitu-
tion (7). Likewise, the amplitude fay @ — ¢ Q H scattering can be written as

i§ MIQTIQ (v it | pEs )

1
= 2s [ a1a2 Cq7Hq(p2 7p11/1’pH)} Z [ a3a4 qu( ng)} ’ (10)

whereC%#1(p;*; pit py) is the effective vertex for the production of a Higgs and arkyet, g*¢ —
qH. There is only one independent helicity configuration, Wwhiee can take to b&%#4(p; ; pf, pu),
and its expression is given in Reff.[62], where an analystbe@fimit (§) with the kinematic parameters
of Fig. [L3 can also be found.

In conclusion, we have consideréfl+ 2 jet production via gluon fusion, when either one of the
Higgs-jet or the dijet invariant masses become much lafyan the typical momentum transfers in the
scattering. These limits also occur naturally in Higgs piaibn via WBF. We have shown that we can
write the scattering amplitudes in accordance to highggnactorization, Eqns[[4)[}(9) anfl {10). The
corresponding effective vertices, whose squares are thadniactors, can be found in Rdf.]62].
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4. FeynHiggsl.2: HybridMS/on-shell Renormalization for the MSSM Higg$]
4.1 Introduction

In this section we present an updated version of the ForodareynHigggp] that evaluates the neutral
CP-even Higgs sector masses and mixing andlds [7,66]. Itrdiffem the previous version as presented
in Ref. [6%] by a modification of the renormalization schenoaaerning the treatment of subleading
terms at the one-loop level; the two-loop corrections, ftich the leading contributions @ (cavs)
and O(a?) are implemented, are not affected. In particular\& renormalization fortan 3 and the
field renormalization constants has been used (wherdithguantities are evaluated at the scalg).
The renormalization in the new versionkdynHiggsdoes no longer involve the derivative of tHeboson
self-energy and thel Z mixing self-energy. This leads to a more stable behavianratdhresholds, e.g.
at M4 ~ 2my, and avoids unphysically large contributions in certaigioas of the MSSM parameter
space. Thus, the new renormalization scheme stabilizggréftéction of the masses and mixing angles
in theCP-even Higgs sector of the MSSM.

4.2 Renormalization schemes

At the tree-level, The MSSM Higgs boson masses and my can be evaluated in terms of the SM
gauge couplings and two MSSM parameters, conventionalhge as\/ 4, andtan 3. Beyond lowest
order, the Feynman-diagrammatic (FD) approach allowstaioin principle the most precise evaluation
of the neutralC’P-even Higgs boson sector, since in this way the effect obdifit mass scales of the
supersymmetric particles and of the external momentum oagistently be included. The masses of
the twoCP-even Higgs bosons are obtained in this approach by detiemgnihe poles of thes — H-
propagator matrix, which is equivalent to solving the etpmt

[ q2 - m%,tree + ZA)h(q2) ][ q2 - m%{,tree + ZA)H(QQ) ] - [ 2A]hH(qz) ]2 =0, (ll)

whereX,, s = h, H, hH, denote the renormalized Higgs boson self-energies. Eorethormalization
within the FD approach usually the on-shell scheme is apdbg]. This means in particular that all
the masses in the FD result are the physical ones, i.e. thegspond to physical observables. Since
eq. (11) is solved iteratively, the result fiay, andm ; contains a dependence on the field renormalization
constants of and H, which is formally of higher order. Accordingly, there isse freedom in choosing
appropriate renormalization conditions for fixing the fiedshormalization constants (this can also be
interpreted as affecting the renormalizationtefi ). Different renormalization conditions have been
considered, e.g3{ denotes the derivative with respect to the squared moméntum

1. on-shell renormalization fot 7, 3 4,3, 3 47, andévy /v = dva /vo [B1]
2. on-shell renormalization ft 7, 324,347, anddv; = dv; iy, i = 1,2 [B8]
3. on-shell renormalization ot ;, 3 4 [B7], MS renormalization fobZy,, 6 Zy;, tan 3 [B9].
The previous version dieynHiggss based on renormalization 1, involving the derivativehefl boson

self-energy. The new version BEynHiggs seewww. f eynhi ggs. de, is based on renormalization 3
(a detailed discussion can be found in REf] [69]).

4.3 Numerical comparison

In this section we numerically compare the output of the joev version (based on renormalization 1)
and the new version (based on renormalization JaynHiggs We also show results for the recently
obtained non-logarithmi®(a?) corrections[[H]9] that are also included in the new versidfeynHiggs
The comparison is performed for the parameters of the thEsethenchmark scenarids [70]. In this way,
the effect of the new renormalization and the non-logarith((a?) corrections on the analysis of the
LEP Higgs-boson searches can easily be read off.

5M. Frank, S. Heinemeyer, W. Hollik and G. Weiglein
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In Figs.[I#£1pb we show the results in the}**<”, “no-mixing” and “large " scenario as a func-
tion of M 4 (left column) and oftan 3 (right column) for two values ofan 3 (tan 6 = 3,50) and M 4
(M4 = 100,1000 GeV for them};*** and the no-mixing scenarid/4 = 100,400 GeV for the largeu
scenario), respectively. The solid lines correspond tanthve result while the dashed lines show the old
results. The dotted lines correspond to the new result diguthe non-logarithmic(a?) contribu-
tions. Concerning the new renormalization scheme, initfjg* (Fig. [I4) and the no-mixing scenario
(Fig. L) the new result is larger by1-2 GeV for not too small/4 andtan 3. For smalltan 3 and
large M 4 the enhancement can be even larger. In the largeenario (Fig[ 16) the largest deviations
appear for smaltan 3 for both large and small/ 4. While the previous prescription for the field renor-
malization constants leads to unphysically large thraekshfiects in some regions of the parameter space,
which arise from thedZ mixing self-energy and the derivative of tieboson self-energy, no threshold
kinks are visible for the result based on the new renormi@diza The shift inm;, of ~1-2 GeV related
to the modification of the renormalization prescriptiorslia the range of the anticipated theoretical
uncertainty from unknown non-leading electroweak twopleorrections[[71]. The ne(a?) correc-
tions can further increase;, by up to~3 GeV for larget mixing (a detailed analysis will be presented

elsewhere[[72]).
The new version oFeynHiggscan be obtained frommw. f eynhi ggs. de.
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Fig. 14: The new renormalization (3, solid) and the old sobé€in dashed) are compared in thg'** scenario. The dotted
line shows the inclusion of the non-logarithn@a?) corrections. The lower curves are fam 8 = 3 (left plot) or M4 =
100 GeV (right). The upper curves are fosin 8 = 50 (left) or M4 = 1000 GeV (right).
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Fig. 15: The new renormalization (3, solid) and the old sobdf dashed) are compared in the no-mixing scenario. The
dotted line shows the inclusion of the non-logarithréli¢a?) corrections. The lower curves are fam 3 = 3 (left plot) or
M4 = 100 GeV (right). The upper curves are fosin 8 = 50 (left) or M4 = 1000 GeV (right).
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Fig. 16: The new renormalization (3, solid) and the old sob€ln dashed) are compared in the largecenario. The dotted
line shows the inclusion of the non-logarithn@®(}) corrections. The lower curves are fiam 3 = 50 (left plot) or M4 =
100 GeV (right). The upper curves are fesin 5 = 3 (left) or M4 = 400 GeV (right).

5. Suggestions for MSSM Benchmark Scenarios for Higgs Bos@earches at Hadron Collider§

5.1 Introduction and theoretical basis

Within the MSSM the masses of tligP-even neutral Higgs bosons are calculable in terms of theroth
MSSM parameters. The lightest Higgs boson has been of pltiinterest, since its massyy,, is
bounded from above accordingita, < My at the tree level. The radiative corrections at one-loogiord
have been supplemented in the last years with the leadindomypcorrections, performed by renormal-
ization group (RG) method§ [[73], by renormalization grampiovement of the one-loop effective poten-
tial calculation [B], by two-loop effective potential calations [B[P], and in the Feynman-diagrammatic
(FD) approach[[1,86]. These calculations predict an uppant form;, of aboutm;, < 135 GeV J]

After the termination of LEP, the Higgs boson search has nuftesl to the Tevatron and will
later be continued to the LHC. Due to the large number of freeupeters, a complete scan of the
MSSM parameter space is too involved. Therefore at LEP theckéas been performed in three bench-
mark scenarios[[]’O]. Besides the)'** scenario, which has been used to obtain conservative bounds
ontan 3 [[4], and the no-mixing scenario, the largescenario had been designed to encourage the in-
vestigation of flavor and decay-mode independent decaynefisiinstead of focusing on the — bb
channel). The investigation of these channels has leaddasian bounds[}4] that finally completely
ruled out the large: scenario.

The different environment at hadron colliders impliesefiént Higgs boson production channels
and also different relevant decay channels as comparedRoTite main production modes at the Teva-
tron will be V* — Vo (V = W, Z,¢ = h, H, A) and alsabb — bbe, while the relevant decay modes
will be ¢ — bb and¢ — 77~ [[L4]. At the LHC, on the other hand, the most relevant prodess
Higgs boson withn;, < 135 GeV will be gg — h — 7, supplemented byt — tth — ttbb. In order
to investigate these different modes, we propose new bearthseenarios for the Higgs boson searches
at hadron colliders. Contrary to the new “SPS” benchmarkades proposed in Refl [[75] for general
SUSY searches, the scenarios proposed here are desigmdctajie to study the MSSM Higgs sector
without assuming any particular soft SUSY-breaking sdenaind taking into account constraints only
from the Higgs boson sector itself.

The tree-level value fom;, within the MSSM is determined byan 3, the CP-odd Higgs-boson
massM 4, and theZ-boson mass\/;. Beyond the tree-level, the main correctionitg, stems from
the t—i-sector, and for large values ofn 3 also from theb—b-sector (see Ref[[f0] for our notations.)
Accordingly, the most important parameters for the coioesttom; arem;, Msysy (in this work we

®M. Carena, S. Heinemeyer, C.E.M. Wagner and G. Weiglein
" This value holds forn; = 175 GeV andMsusy = 1 TeV. If m, is raised bys GeV then them, limit is increased by
abouts GeV; usingMsusy = 2 TeV increases the limit by abo@tGeV.
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assume that the soft SUSY-breaking parameters for sfesraom equal:Msysy = M;, = M;, =
M, = MBR); X (= At — M/_ t.an B), and X, (= A, — ptan 3) (A are the trilinear Higgs sf(_ermion
couplings, i is the Higgs mixing parameter.)n; depends furthermore on the SU(2) gaugino mass
parameter), (the U(1) gaugino mass parameter is given\dy = 5/3 s%/ /c%,[, M>.) At the two-loop

level also the gluino mass;;, enters the prediction for,.

It should be noted in this context that the FD result has béairmed in the on-shell (OS) renor-
malization scheme (the corresponding Fortran code, tteabban used for the studies by the LEP col-
laborations, isFeynHiggs[Fg,[69]), whereas the RG result has been calculated ussdIthscheme;
see Ref.[[76] for details (the corresponding Fortran coti®, ased by the LEP collaborations,ssbh-
pole [F3,[76]). While the corresponding shift in the parametés; sy turns out to be relatively small
in general, sizable differences can occur between the ricahemlues ofX; in the two schemes; see
Refs. [B[6p]46]. For this reason we specify below diffeneities forX; within the two approaches.

5.2 The benchmark scenarios

In this section we define four benchmark scenarios suitainlthé MSSM Higgs boson search at hadron
colliderg§]. In these scenarios the values of thendb sector as well as the gaugino masses will be fixed,
while tan 3 and M4 are the parameters that are vaifiel.has been checked that the scenarios evade
the LEP2 bounds[J4] over a wide range of th&s-tan 3-plane, where the variation should be chosen
according t00.5 < tan 3 < 50, M4 < 1000 GeV.

() Themj'** scenario This scenario is kept as presented in [70], since datadlfor conservative
tan 3 exclusion bounds[[74] (only the sign gfis switched to a positive value.) The parameters are
chosen such that the maximum possible Higgs-boson massuast#éoh oftan 3 is obtained (for fixed
Mgysy, andM 4 set to its maximal valuel/4 = 1 TeV). The parameters @

my = 174.3 GeV, MSUSY =1 TeV, n = 200 GeV, M2 = 200 GGV, mg = 0.8 MSUSYa

X5 = 2 Mgygy (FD calculation) XM = V6 Msysy (RG calculation) A, = A,.  (12)

(i) The no-mixing scenarioThis benchmark scenario is the same asithE* scenario, but with van-
ishing mixing in thef sector and with a higher SUSY mass scale to avoid the LEP Higgsds:

my = 174.3 GeV, Mgysy =2 TeV, pu =200 GeV, My =200 GeV, mgz = 0.8Msysy,
X; = 0 (FD/RG calculation) A, = A . (13)

(iii) The gluophobic Higgs scenarioln this scenario the main production cross section for itiet |
Higgs boson at the LHG;g — h, is strongly suppressed (see REf] [84]). The parameters are

my = 174.3 GeV, Mgysy = 350 GeV, p = 300 GeV, My = 300 GeV, mg = 500 GeV,
XS = —750 GeV (FD calculation) XMS = —770 GeV (RG calculation) A, = A, . (14)

(iv) The smalla.g scenario Besides the channely — h — ~~v at the LHC, the other channels for
light Higgs searches at the Tevatron and at the LHC mostjyaelthe decays — bb andh — 77 77.

8Here, we will comment only on the phenomenology of the lighteboson. The couplings of th&, A and H* bosons
are also subject to important radiative corrections in ttrgd tanbeta regime, see for instance rEl ﬁ?, 78]. It isocuary
to define the searches for these particles in terms of thegrlavel couplings. Since the corrections to these cogplare
strongly dependent on the value of the supersymmetry brggkarameters, a precise interpretation of these seartysasa
within the MSSM will demand a knowledge of the characteristipersymmetry breaking parameters. In the case of the
boson, seemEBZ] for more details.

® Plots that show the behavior of different Higgs productionl @ecay channels in the four scenarios can be found at
www. f eynhi ggs. de . The numerical evaluation is based on Re@ —83].

1Better agreement witlBR(b — sv) constraints is obtained for the other sign ¥f (called the “constrainedni**”
scenario)ﬂS]. However, this lowers the maximum, values by~ 5 GeV.
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In comparison to the Standard Model, bdifif couplings have an additional factor ©fi o/ cos 3,
wherea,g is the mixing angle of the neutrgP-even Higgs sector, including radiative corrections (see
e.g. Refs.[[84,83]). lt.q is small, these two decay channels can be heavily suppréssed bb can
receive also large corrections frawyj loops [81L[8R]). This case is realized for large: 3 and not too
large M 4 (in a similar way as in the large-scenario[[70]) for the following parameters:

my = 174.3 GeV, Mgsysy = 800 GeV, p = 2.5 Msysy, My =500 GeV, mz = 500 GeV
X085 = —1100 GeV (FD calculation) XMS = —1200 GeV (RG calculation) A, = A,. (15)

5.3 Conclusions

We have presented four benchmark scenarios for the MSSMsHiggon search at hadron colliders,
evading the exclusion bounds obtained at LEP2. These sosretemplify different features of the
MSSM parameter space, such as largg values and significangg — h or h — bb, h — 7H7~
suppression. In analyzing the new benchmark scenariosll bevhelpful to make use of the comple-
mentarity of different channels accessible at the Tevadrahthe LHC (see e.g. Ref. [82] for details).

6. The invisible SUSY Higgs and Dark Mattef
6.1 Introduction

Current limits [85] on both the Higgs and the neutralino inemgral SUSY model are such that it is
kinematically possible for the light Higgs to decay into thghtest neutralino. If the decay rate is sub-
stantial the Higgs will be mainly invisible, while its usuaianching ratios will be dramatically reduced
preventing a detection in the much studied channels at th@ amtl the Tevatron. Some theoretical stud-
ies [B86-L8B] have addressed the issue of how to hunt an itwidéraying Higgs at a hadronic machine.
For the LHC it has been suggested to WE&{/Z H production ,tth [87] or more recently the th&/
fusion procesg[$8]. The results for the latter are quitersing since for a luminosity of00fb~" a
branching ratio into invisibles as low &% is enough for Higgs discovery. The aim of the present report
is to summarize our findings on the size of the branching &tihe Higgs into neutralinos, taking into
account the latest data from colliders as well as from cosgyol

6.2 MSSM parameters andh — yx

For a substantial branching fraction of the Higgs into iités to occur one needs both enough phase
space for the decay as well as a large enough coupling of tgsHo neutralinos. Considering that the
present experimental and theoretical limits on the light#SSM Higgs implies that its mass lies in the
interval 113 — 135 GeV, the maximum LSP mass must be beliw— 65GeV. In models with gaugino
unification whereM; ~ M,/2 , the lower limit on the chargino mass (which depends essntin
M, and ) turns into a lower limit on the neutralino mass, leavingyoalsmall window for the Higgs
into neutralinos. In fact in this type of models we found ttie branching is never above 20%6][89]
(see also ref[[90]). For this reason we will relax the relatbetween\/; and M/, and consider these as
independent parameters. In order that the coupling of tHetbShe Higgs be large, it can be shown that
the LSP has to be a mixture of gaugino and Higgs[nd [89]. HeweMight LSP, which corresponds to
M, small, is mostly a Bino. To have a non negligible Higgsino poment implies that: should be small
as well. Howevel is bounded below by the chargino mass constraint. From taiegenents, we can
already expect that if the Higgs invisible decay is largenttie chargino and next to lightest neutralino
should not be far above the present LEP limit. One also fip8bt[&t positive values lead to larger
couplings. Largean 8 values also lead to large Higgs mass and more phase spadeefowisible
decays, however the LSP mass increases even fastetaithh, and we found that their coupling to

11G. Belanger, F. Boudjema, A. Cottrant, R.M. Godbole, Atewikand A. Semenov
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the Higgs get smaller with increasingn 3 [B9]. Therefore the largest effect for the Higgs occurs for
moderatetan 5 and we will considetan 5 = 5.

We take a model with a common scalar mags(defined at the GUT scale) for the SUSY breaking
sfermion mass terms of both left and right sleptons of a#éhgenerations. As for the gaugino masses,
we takeM; = r M, at the weak scale. Fer< 1/3 or so, this scheme leads to almost no running of the
right slepton mass, since the contribution from the runngngf order M2, while left sleptons have an
addedM? contribution and would be “much heavier”. Indeed, negtegtrukawa couplings one has

m%R = m% + .88 r2MZ — sin® Oy M3 cos(23)
mZ, = md +(0.72+ 222 )MZ — (.5 — sin® ) M2 cos(28) (16)

Even with a common scalar mass squarks are much heavier lgqators, since they receive a large
contribution from the SU(3) gaugino mass. For simplicityg #hen assume all squarks to be heavy
(1TeV). In any case heavy squarks especially stops wouladeined in order to get a heavy enough
light Higgs. Of course, to allow for a low in this scenario one needs to appropriately choose the soft
SUSY Higgs scalar masses at high scale. Itis importantéssthat the kind of models we investigate in
this report are quite plausible. The GUT-scale relationcivleiquates all the gaugino masses at high scale
need not be valid in a more general scheme of SUSY breakingsRFBUmodels with general kinetic
terms [9B[9P], superstring models with moduli-dominatedith a mixture of moduli and dilaton fields,

as well as anomaly-mediated SUSY breaking mechanismsgaall to non-universality of the gaugino

masses{J96].

6.3 Constraints

Our scenario requires as large a Higgs mass as possibleutvihitoo large value fotan 3 . We will
then only consider the MSSM in the decoupling limit witthy ~ 1TeV and choose large enough stop
massesifi; =1TeV) and large mixing4; = 2.4TeV). With these parameters we havg, = 125GeV
for tan 3 = 5 and we are never in conflict with the lower limit on the Higgssswa;, > 113GeV.

The limits onM+, M, i, the key ingredients for this analysis, are set from thegiharmass limit
at LEP2,mX1i > 103GeV [85]. This bound can be slightly relaxed dependingan3 and the sneutrino
mass, however we prefer to take the strongest constraitias@tir results are more robust. In addition
to this, one must include the limits from LEP2 on pair produciof neutralinos, as well as the limit on
the invisible width of the Z. For the parameters we have stidhese two constraints are weaker than
the chargino mass constraint. We will also takg> 96GeV, for all sleptong, even though the limit on
the lightest stau is slightly lowef [B5].

Apart from the chargino mass limit, the most important caist comes from the relic density
of the LSP. In the models we are considering the LSk&nly (but not totally) a bino. Since it is
rather light the main annihilation channels are into thétlifermions. The largest contributions are
from processes involving “right-handed” sleptons sin(m/thave the largest hypercharge. In this case
the relic density may be approximated@s> ~ 10~3 m /mx° (all masses in GeV) which imposes a
strong constraint om; . However this approximation does not hold if the neutralimass is such that

annihilation through the pole, x9xY — Z, occurs. In this case the contribution of this channel alene
enough to bring the relic density in the relevant range jreetive of the slepton mass.

We use a new codg [P1] for the calculation of the relic denigt tackles alk-channels poles,
threshold effects and includes all co-annihilations cledésinThe program extracts akactmatrix ele-
ments fromConpHEP [PJ] and is linked toFeynHi ggs [, B3] for the Higgs mass. Radiative correc-
tions to Higgs partial widths are extracted from HDECAY][80]

Fig. 1a shows the allowed parameter space initheyu plane withtan 5 = 5 andM; = Ms/5

for a light sleptonny = 100GeV. The chargino mass limit from LEP2 is delimited by a litteloes not
depend onmng. The direct LEP2 limits, expectedly, cut on the lowgsf\/> region. This is in contrast
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to the relic density requirement which depends sensitigalyn,. We delineate three regions set by the
relic density: a) the overclosure regiérh? > .3 which we consider as being definitely ruled [93],
b).1 < Qh? < .3 which is the preferred region and @)? < .1 where one needs other form of Dark
Matter than the SUSY Dark Matter considered here.nfsincreases the allowed region for the relic
density shrinks. However there always remain allowed regihat correspond essentially to the pole
annihilationyx} — Z [BY]. For My = M /10 (Fig. 1b), the effect of the Z-pole would be seen only
at much larger values aff,. Formg = 94GeV, the relic density constraint leaves a sizeable allowed
region, however as soon ag, increases the region allowed is restricted to the regiopameter space
wherem, ~ M, /2.

In view of the latest theoretical calculations of the muobraalous magnetic moment, showing
consistency between the experimental limit and the SM witt6o [R9], all constraints that were previ-
ously thought to play an important role, (in particular thiefprence for light smuons) disappear in the
range of parameters considered here. Finally, we notebthats~ is irrelevant since the squarks and
gluinos are assumed heavy and that we are chogsing) anyway.

6.4 Results

The branching ratio into invisible due to neutralinos widl benoted by3, . The opening up of this
channel will not have any effect on any of the Higgs productivechanisms. This is in contrast to other
SUSY effects on the production and decay of the Higgs, likeséhdue to a light stod [07]. Thus the
Higgs discovery significances of the different channeldatltHC (and the Tevatron) are only affected
by the reduction in the branching ratio iftband~~. We defineRy, (R.)as the reduction factor of the
branching ratio oh — bb (h — ~~) due to invisible compared to the same branching ratio chadsird
model Higgs with the same Higgs mass. Since in the absengghohleutralinos the width of the Higgs
is dominated by that intéb, one has roughlyzy;, ~ R, ~1— B,,. This is well supported by our full
analysis and therefore we will only show the behaviour oftttenching into invisible.
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Fig. 17: a) Contours of constanBr,, from .2 (far right) to .65 (far left) ford, /M2 = 1/5,mo = 100GeV We have also
superimposed the various constraints. The black area isid®d by the chargino mass at LEP. The other shadings refireto
relic density, with the allowed region (white), the ovestiee region (light grey) and the region with < .1 (medium grey).
The dotted lines are constamy, lines in units oft0=°. b)Similarly for M1 /M> = 1/10, mo = 94GeV.

Fig. [LTa shows the different contours in thé& — u plane of B, for My = M,/5 and for a
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light slepton. We see that, even after taking all constsainte still find large branching ratio of the
lightest SUSY Higgs into neutralinos. The largest branghicorrespond to the smallgsvalues, which

as argued before maximises the Higgsino content. It is atsthvstressing that even in these general
models, the branching ratio into invisible is never largant70%. For a lower ratioM; = M5/10,

the invisible branching ratio can reach over 60% (fig. 1#bjen in the case of heavier sleptons large
branching ratio into invisible are possible although thevedd region of in thel/, — i plane corresponds
to a narrow region around the Z pole.

We have also searched, by making a large scan bieiVl,, u andmy, but for fixedtan 5 = 5,
which minimum value ofM; one can entertain. The parameters were varied in the riEhge M; <
100GeV, 100 < My, < 500GeV, 70 < mg < 300GeV as given by Eg. 1. We find that, in order
not to have too large a relic density/; must be abov0GeV independently of\/; andy, as seen in
Fig. [£8. However, this is not a value that gives the largeahdiing into invisibles, largest values are
in the rangel0 < M; < 60 GeV where one has both a significant Higgsino-gaugino mizingja LSP
light enough for the Higgs to decay into it. Note that this émlound onl/; is more or less independent
ontan ( [Pg]. We also show the relic density as a function\éf. Note that one hits both the Z pole and
the Higgs pole. However for the latter configuration,, is negligible.

To conclude we have found that there are regions of paramsesee that give a substantial branch-
ing fraction of the lightest SUSY Higgs into invisibles tltain account for the dark matter in the universe.
We also find that these scenarios do not always require a iggrydlepton since we can obtain an ac-
ceptable amount of LSP relic density through an efficienftalation at theZ pole. However scenarios
with the largest branching ratio into LSP do entail that thbtest chargino and at the least the next LSP
are light enough that they could be produced at the Tevalrba phenomenology at the Tevatron should
somehow be similar to the Sug/(5) based “24-model” which was studied ip J95]. Among other
things, due to the fact that one has a larger splitting beatvilee LSP and the NLSP, as compared to the
usual unified scenario, one expects an excess of eventsréongtenany isolated leptons originating, for
example, from a reat coming from the decay of the NLSP. However to make definiteestants about
observability of these states at the Tevatron requiresratigh simulation.
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7. Search for the invisible Higgs in thelW h/Zh channel at the LHC[

One of the various methods to search for an invisible HiggthatlLHC is the associated production
processpp — Wh(Zh) followed by the invisible decay of h is one of them. The signes being
a single lepton with large transverse momentum and misBingfrom the higgs as well as from the
neutrino from the W decay, and lepton pair whose mass catstta.Z and missingPr, for the Wh
and Zh production respectively. A parton level study, which tontoiaccount the dominant irreducible
background caused by th& Z(ZZ) production followed by the invisibl&/ — v decay, had been
made [87]. This had shown that that it is possible to héye'B ~ 5.9 for the process forn;, = 120
GeV and 10% B.R. into the invisible channel. The issue of the reach of¢hehannels in terms ot
and theB(h — invisibles), is being revisited here.

In the Wh process The backgrounds relevant for this signal are: (1) The iroilnle background
due to thel’ Z production followed byZ — vi. (2) WW production followed by leptonic decays of
both thell’s, one lepton being lost, due to lai- or too large a rapidity. (3) The large QCD backgrounds
caused by the production & with jets which are lost. The lost jets can add on to the migsin of the
decayv from the W and thus possibly give substantial missiRg. (4) Another source of background
would be thett production with their decay producing W& pair with two b jets. This can cause a
background if the jets are lost along with one of the decay leptons. 45) jets production will also
give a background if the jet(s) are missidentified as a lepton

Before discussing the separation of the signal from the imemeéd QCD backgrounds, we report
the result of a repetition of the of the calculation of thensilgand the irreducible background, with more
modern parton densities. A calculation of téh signal, using the LO formulae, withy,| < 2.5, P4 >
100 GeV, gives 28 fb. The irreduciblé’Z background for the same cuts is 40 fb. The higher order
corrections to the signal give rise to a moderAtéactor and might just compensate for lepton detection
effeciencies of70%. Thus the above numbers, though calculated from a LO formwaurtebe considered
representative. All the numbers are fay, = 120 GeV and100% B.R. into the invisible channel.

The WW background mentioned in point (2) above has also been dedlnd is 9 fb. The
canonical values for LHC used here for the soft and forwaptbles that lost, giving rise to a final state
similar to the signal are, i) &% < 10 GeV, ii) Pr < 5 GeV or|n,| > 2.5, i) PJ. <20 GeV. Incidentally
the background also has been evaluated only at the LO.

The big discriminant between the QCD background and theakigithe hadronically quiet nature
of the signal. Hence one has to tune cuts and jet vetos sutlwvéhget rid of the background at low
cost to the signal. Towards this end we have to first look aeffext of the initial state radiations on
the kinematical distributions in the following variablely: Missing P which no longer is just the lepton
Pr. 2)rapidity andPr of the jet with the largesPr in the event. 3) the same for the jet with the
second largesPr. The knowledge of 2 and 3 can help determine the vetos formtbé jets that will be
produced init process. Results of a priliminary calculation are very enaging and suggest that with
a cut on the transverse maas; of the lepton and the missingr, as well as appropriate jet vetos, it
should be possible to reduce the QCD background substamidhout any harm to the signal. The last
background due t& +jets has been evaluated. With a rejection factor@f® against a misidentification
of the jet as a lepton, this background can at the most be 1e@m for a missing’r cut of 100 GeV.

The NLO corrections to a pair of gauge bosons producfioh $88jvs that a veto on the jet with
Pr > 50 GeV andn < 3 reduces them to withi20% of the Born cross-section. This also gives
an indication that these kinds of jet vetos will work well &duce the background. We will have to
optimise these cuts once we after taking into account tleeedf the initial state radiation on the signal.

Inthe Zh process This signal in this case is of course much smaller. The ptesbackgrounds in
this case are: (1Y Z production followed by the invisibleZ — v decay of theZ. (2) W Z production
with leptonic decay of thél/ lepton getting lost as outlined in the consideration of thekground due

125, Balatenychev, G. Bélanger, F. Boudjema, R.M. Godbo#e|lyin and D.P. Roy
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to the W production in the earlier caser. This can give rise to a fitatleswith/™/~ coming from
the Z decay and missing?r. (3) Production ofZ + 1 jet where the jet gets lost can also cause a small
background.

In the Zh case one would want to use a cut on the misdiagunlike the case of th&l’h signal
where demanding a largér lepton automatically guranteed a large missifg The signal andZ Z
background as well as th& Z background mentioned in (2) has been calculated at themplatel. The
numbers are for a missing; cut of 100 GeV, withPfi < 20GeV, and|n4| < 2.5. The size of the signal,
Z7Z andW Z background are about 8 fb, 21 fb and 3 fb respectively. Theonuhe missingPr can
be increased without harming the signal but can bring dowr@&D backgrounds effectively. Again to
decide on the cuts to optimise the signal, one needs to knewffact of the initial state radiation on the
Z h signal.These calculations are in progress.

8. Simulation of neutral Higgs Pair Production in PYTHIA using HPAIR Matrix Elements [
8.1 Introduction

Scalar Higgs boson pair production at LHC allows to study ttilmear Higgs self couplings in the
Minimal Supersymmetric Standard Model (MSSM) schemepgrollisions the dominating process is
the gluon fusioryg — HH, whereH can be any ofA, H or h. In PYTHIA those processes can be
generated through the resonance chashel hh or via f; f; — AH, Ah. But for Standard Model (SM)
and MSSM scenarios with high valuestah /5 the contribution ofs-channels becomes negligible, thus
PYTHIA alone can not be used to explore this region of thematars space where the cross section can
rise above 1 pb for values ot 4 up to 150 GeV. At LHC measuring trilinear self couplings imguction
modes dominated by the gluon fusion would require a huge atafwulata. Nonetheless the MSSM high
tan 3 values cases are also interesting as a discovery chanrlegiasross section is large enough.

This note presents the implementation of LO matrix elemeaitsulated with HPAIR]into PYTHIA
6.1 [L0Q]. This implementation will allow a more completensiation of hh production in resonance
region as well as all neutral Higgs pairs in continuum praiduc After a brief description of the im-
plementation steps, we will present a comparison betwess@ections values obtained with PYTHIA
Monte Carlo generation and those computed with VEGAS. Fooeermomplete version of this work,
refer to the ATLAS note about to be published.

8.2 Neutral Higgs pair production in PYTHIA

The already implemented processes into PYTHIA Are — Ah® and f; f; — AH°. Although those
processes are dominant in most MSSM scenarios, abaveé = 30 they contributes for only 10%
of the total cross section. In those cases, the dominanepsosgg — AA and all others processes
contributes for 50% of the total cross section, as can be sedigure[1p. Thus for a more complete
study of those scenarios we have added into PYTHIA, theatig processes[[1p1]yg — h°hY,

gg — HOKY, g9 — HYH®, g9 — AR®, g9 — AH® andgg — AA. All processes described above were
implemented in a private version of PYTHIA, as standard> 2 PYTHIA processes. We tried to keep
the modifications into PYTHIA to the minimum.

For each event tried, the kinematic is chosen by PYTHIA,ngkinto account resonance and
continuum production in the shape of the phase space. Thé@Y ®utine then call the PYHPAIR
function to get the differential cross section. This difietial cross section is computed with HPAIR
Matrix Elements using PYTHIA parameters. Finally, the evierselected or rejected according to the
PYTHIA standard Monte-Carlo procedure. In SM and MSSM large 3 scenarios, the Higgs width
might be non negligible and Higgs particles might be product-shell. Thus in order to reproduce
correctly the kinematic of the events, this should be takém account.

B8R, Lafaye
MHPAIR is a program written by M. Spira.
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Fig. 19: Neutral Higgs pair LO cross sections as a functiormefi in maximal mixing fortan 3 = 30. Below the transition

limit, the cross section is dominated ByA, Ah and hh production, while abovel A, AH and H H dominate. The transition
region is special asA, H and h have all very similar masses and all possible Higgs pairs barmproduced. Higgs pair
production studies can not disentangle different Higgsdasinating processes are made of degenerated Higgs wiflasim
masses and branching ratios.

WhenM ST P(42) = 1 Higgs are produced off-shell by PYTHIA. Those off-shelluad are then
used to compute weight factors for the cross section likKé/i production processes. The generation
of events for those cases is much slower and can sometingsstteanphysical and very high differential
cross sections. Thus, except in the purpose of studyingitteeeshces in kinematics, one should rely on
on-shell bosons production.

For each off-shell Higgs the cross section is weighted byctofas}; /By from the propagators
of the virtual Higgs, defined as follow:

T g =gty T iy mi)? + mi T,

whereH can be any ofdA, H andh. The total cross section suppression factor is thiea {, 2 denotes
the two identical Higgs in the final state)

Bj,/Bu, - Bip,/Bu, - mgrmus /mi;

8.3 Monte-Carlo results

The stand alone HPAIR program uses VEGAS to integrate thédaiss section of Higgs pair production
processes. It can also gives NLO order results with QCD ctomres. Although, those corrections are not
valid for m 4 larger than 200 GeV. As a check, one can compare cross sedttiamed using PYTHIA
and VEGAS with the same matrix elements. Comparisons wedemwith 1000 VEGAS iterations and
100 PYTHIA events per bin. Most of the cross sections obthise very similar. But unfortunately,
the stand alone HPAIR code and PYTHIA have some small diffsge in their Higgs mass spectrum
algorithms. Thus the cross section obtained might be $jigtitferent, especially in cases where it is
sensitive to thed, h mass difference like for the resonange— H — hh process at lowan 3.

Kinematic distributions have been investigated for the #hal state, that is when both Higgs
disintegrate tabb. The most important for this final state is tlpe distribution of theb, as current
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selection algorithms ask férwith a p above 40 GeV. Furthermore, as there isbrtagger in ATLAS,
high pr jets will be more likely to pass the jet trigger thresholds.

First of all the distributions iy and py of the b for the existinggg — H — hh PYTHIA
process 152 and our implemented procggs— hh process in the resonance regiaan(8 = 3 and
ma = 300 GeV) are very similar. We then take a look at ghedistributions of theé» and mass resolution
of the b pairs fortan 3 = 50 andmpy = 150 GeV for on-shell and off-shell Higgs bosons in the
maximal mixing scenario. All Higgs pair production processvere turned on, including the already
existingff — AH andff — Ah. For this set of MSSM parameters, Higgs pair production angely
dominated byA and H pairs. The following table summarize the MSSM parametedscaoss sections
obtained for those processes:

tanB | ma myg 'y o Number of events Number of events
(GeV) (pb) generated tried
50 | 148.9| 150.0 | 9.1 GeV| 1.46 20000 113186
50 | 148.9| 150.0 | 9.1 GeV| 1.45 20000 334236

Events were then analyzed with the ATLAS fast simulationLBAST, to take into account the
detector resolution. Thiepairs invariant mass resolution of 15 GeV is convoluted leyHiiggs width of
9.1 GeV, when bosons are produced off-shell, as expectesl diBkribution of thepr of the jets is very
similar and makes very little difference.

8.4 Conclusion and prospects

Higgs pair production processes have been successfullgingmted in PYTHIA 6.1. Although in some
rare points of the parameters space when using off-shetinsothe behavior of the matrix elements
should be investigated. Neutral Higgs bosons productiantiva main interestq [IP2[ [IP3]. The first
is Higgs discovery and this could be achieved through theystd the resonance production where the
cross section according to NLO predictions is of the orde2 pb or for high values ofan 5 where the
cross section fotan 8 = 50 can reach 30 pb. The first case as already been studig¢d in\itK] the
second is under analysis. An other interest is the recast&iruof the Higgs potential which implies the
measurement of the Higgs self couplings likg;,. Whether this coupling can be measured for double
Higgs resonance production with sufficient integrated hosity at the LHC is under investigation.

9. Multiple NMSSM Higgs boson signals at the LHG

In Ref. [LO%] a no-loose theorem was established for the NME®8], guaranteeing that the LHC will
discoverat least oneneutral NMSSM Higgs boson (unless there are large branchiigs for decays to
SUSY particles and/or to other Higgs bosons). Here, we tstablish the plausibility of a NMSSM
scenario in whichmultiple neutral Higgs boson detection is possible at the LHC, withumlmer of
available Higgs states in excess of those pertaining to t8&M. Similarly to what done there, we only
consider the ‘direct’ production channels (at the accumegcribed in[[137]), namelyi{ = W+, 7,

Q = b,t andq'") refers to any possible quark flavour):

gg — Higgs (gluon — gluon fusion), q(j(/) — V Higgs (Higgs — strahlung), (17)
qq(/) N qq(/) Higgs (VV — fusion), 99,97 — QQ Higgs (quark associated production).

We neglect ‘indirect’ Higgs production via decays/bremadstung off SUSY particled [1(8] and Higgs
production in association with squarks J[L09].

The parameter scan performed here is somewhat differemgthdy using the program described
of Ref. [11D], we have first constrained the soft terms of th¢3$M by requiringuniversalityat the

15C. Hugonie and S. Moretti
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Fig. 20: Total number of events produced through proce@sa([ the LHC after 300 fb' in the NMSSM, for the CP-even
singletsS,. (left plot) and the CP-odd single; (right plot), at LHC after 300 fo'. (For an explanation of the colour coding,
see the text.)

GUT scale. The independent parameters of the model are themiversal gaugino mas¥/, ,, a
universal mass for the scalansy, a universal trilinear couplingly, the Yukawa coupling\ and the
singlet self-coupling:: see egs. (2.1)—(2.2) df[J05]. The (well-known) value & #irboson mass fixes
one of these parameters with respect to the others, so thahdvep withfour free parameters at the
GUT scale. As independent inputs characterising the NMS&&/adopt heremq/M; jo, Ao/M 2, A
andx. We then integrate numerically the Renormalisation Grogpdiions (RGESs) between the GUT
and the weak scale and minimised the two-loop effectiverpiate Furthermore, we impose the current
experimental bounds on (s)particle masses and couplisgecilly the LEP limits on the Higgs mass
vs. its coupling to gauge bosons, sfe [111]. Finally, werassthe existence of one neutral CP-even
Higgs boson with mass 115 GeV and sufficient coupling to gdnagens, as hinted by LEPT112].

The main result of this numerical analysis, as already pdimtut in Ref. [[110], is that the addi-
tional couplings appearing in the Superpotential are adwayall: \(x) < 1072, The mixing angles
of the additional singlet states to the non-singlet sedteing proportional to these couplings, are also
small and the singlet sector of theiversaINMSSM is then quasi decoupled. (In the non-universal sce-
nario of the previous section, the outcome was quite differsee also Ref[[1P5]). Hence, the neutral
Higgs sector consists of a quasi pure (qp) CP-even Higgs$esiatate,S,., a gp CP-odd singlefS;, and
the doublet sector is basically MSSM-like, apart from srpaliturbations of ordex A2, so that results
known for the Higgs sector of the MSSM are also valid in ouecas

Fixing the mass of the lightest visible (non-singlet) CRreiggs at 115 GeV puts further con-
straints on the parameter space of the model: we findtthat is always larger than 4, the CP-odd
doublet Higgs masd/,4 is larger than 160 GeV and/sygy is larger than 350 GeV. In this limit, the
CP-even doublet states are the gp interaction eigensiteddiggs state with mass 115 GeV is adp,
and the gpH, is heavy (with mass larger than 300 GeV). On the other hamdmthisses of the singlet
Higgs states$,. and.S;, can vary from a few GeV to 1 TeV. For each of the five neutralgdigosons of
the NMSSM, we have computed the total number of events aaiy summing the rates of all produc-
tion processes i (17), assuming 300 flas integrated luminosity, at the LHC. We have plotted these
rates versus the mass of the given Higgs states in[Fig. 28s lentative threshold of detectability of a
signal, we assume 100 events, the conclusions are quiteregood.

At the LHC, all three non-singlet Higgs statd$,,, H; and A, might be visible at the same time,

18However, we emphasise that this is not intended to be a defitatm of visibility, as the evaluation of such thresholds
would require hadron-level simulations and detector-ddpat considerations which are beyond the scope of thigypralry
study.
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as they are MSSM-like. In the singlet sectst, could be visible if its mass isS 600 GeV and) is
not too small. In the NMSSM, this covers most of the paramspace. Moreover, the CP-odd singlet,
S;, might be visible too, for an appreciable part of the par@mspace (when its mass is below 200
GeV or so0). To render this manifest, we have plotted in Fipth#Ototal number of events produced at
the LHC with S, in the final state/Ng, (left plot) in green (light) when the correspondirg state is
also visible (Vg, > 100) and in red (dark) when it is not\s, < 100). Similarly, we did for.S; (right
plot), with green (light) when the correspondifg is visible (s, > 100) and red (dark) when it is not
(Ng, < 100).

Notice that the discovery areas of multiple Higgs bosonestadentified in Fig[ 30 are indeed
associated to the same regions of parameter space. In first, glance at the total number of CP-odd
singletS; produced at the LHC might indicate that nearly all the patamspace of the model is already
covered by the CP-even singlgt search, as all the plotted points are in green (light). Thisawever
not the case, as one can check from the left-hand pVgf (/s. Mg, ), where a lot of points are still
under the 100 events threshold. The fact that one sees ary dlight) points on the right-hand plot is
due to the very high density of points considered, greehtfligoints being plotted after red (dark) ones.
Hence, there are red (dark) areas, uncovered by tlsmarches, behind green (light), covered, ones.

The conclusions of this preliminary study are that, althotige singlet sector of the NMSSM tends
to decouple from the rest of the neutral Higgs spectrum inutiieersal case, quasi pure singlet states
could still be found at the LHC. In fact, one has to remembat #hvery light CP-even Higgs state is not
excluded by LEP searches if its coupling to gauge bosons &l smough. Such a Higgs state could be
visible at the LHC in the form of a CP-even singlet Higgs statthe NMSSM (even with rather heavy
masses), alongside a (light) singlet CP-odd state. Begidies this scenario occurs where the MSSM-
like non-singlet HiggsesH,,, H; and A) should also be visible, hence making the whole neutral $ligg
spectrum of the NMSSM in principle accessible at the CERNhim&c (Rather similar conclusions also
apply the the next-to-MSSM (nMSSM) of Ref. [113]: s¢e |114].

The caveat of our analysis is that we have not performed aHiggs decay analysis in the
NMSSM. One may question whether the additional Higgs stategd actually be visible. For example,
they would certainly couple to singlinosS-is always the Lightest Supersymmetric Particles (LSP) in
our context — hence decay into the latter and thus remaintecteel. This should however not be the
case. In fact, the coupling of the singlet states to ordimaggter are generally stronger in comparison
(of order \, whereas those to two singlinos ate)3). So that, in the end, the main decay channels of
singlet Higgs states should be those into detectable feisrand gauge bosons.
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B. Higgs Searches at the Tevatron
A.Bocci, J. Hobbs and W.—M. Yao

Abstract

Studies of the discovery reach for the SM and supersymmidiggs in Run Il
have been summarized. Combining the results from all plesdificay chan-
nels, and combining the data from both experiments, wittb15 the Tevatron
experiments can exclude a SM Higgs at the masses up to abloGd\? at 95
% C.L. or discover it up to 120 GeV at ther3evel. A great deal of effort
remains in order to raise the performance of the acceleaatdbring the de-
tectors on line and fully operational to the level demandgthb Higgs search.

1. Introduction

The search for the Higgs boson and the dynamics responsibleldctroweak symmetry breaking is
the central goal of high energy physics today. The Tevatnoninosity increase provided by the Main
Injector and Recycler, along with the upgrades of both CD& BO detectors, will provide unique
opportunities to search for the Higgs both in the Standardlédl¢SM) and in supersymmetry model
(SUSY). The Tevatron is expected to deliver an integratedinosity of 2 fo-! in the first two years
(Run lla) and 13 fo'! in the subsequent years (Run Ilb) until the LHC starts. M6§DF and DO Run
lla upgrades[[115] were successfully installed in sprin@@®1 and are now collecting data fropp
collisions. Since the design of Run lla upgrades is for tlitgalrgoal of 2 fo~! and will not survive the
course of Run llb, it is now anticipated that the Run 2b upgsdd1§], and in particular the replacement
for the Run 2a silicon vertex detector, are necessary tgioarout this exciting program.

2. Tevatron Run Il SUSY/Higgs Workshop

A year long workshop on the Tevatron Run Il Higgs physics weld lat Fermilab during 1998, a joint
venture between CDF, DO and theory group at FermiLab. Theésaionexplore the discovery sensitivities
for the Standard Model and MSSM Higgs bosons in Run Il at theaffen. The results is ultimately
expressed in terms of the integrated luminosity requiresitteer exclude the Higgs with 95% confidence
level, or discover it with 37 or 5-sigma statistical significance at a given mass. The details canunedf

in the report of the Higgs Working Group of the Tevatron RuBUSY/Higgs Workshop[[10].

At the time of the Workshop, neither CDF nor DO has had full Rudetector simulation package
available. Two complementary approaches were adoptedfifBhapproach was based on a CDF Run |
detector simulation with the geometrical acceptance ebeeno correspond to the Run lla CDF detector.
The second approach was based purely on SHW, a simple siomufstckage that uses an average of
the expected CDF and DO detector performances as a set ofi@ized resolutions and acceptances to
perform simple reconstruction of tracking, jets, vertieesl trigger objects. In addition, a multivariate
analysis using neural network [317] has been pursued add teaa potential gain of Higgs sensitivity
above the conventional analysis.

Further challenges must be met in bringing the detectoia@ahd fully operational, and in devel-
oping the techniques and understanding, particularhbifet-jet mass reconstruction ahdet tagging,
necessary to extract the small signal of the Higgs boson frmrarger Standard Model background.
Here, we will quote the results with reasonably optimistigj@ctions for what we might achieve after a
great deal of hard work in the coming years.
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Fig. 1: Jet energy resolution as a function of jet, comparing standard corrections based on calorimeterwithyenergy
determination combining information from tracking, catoetry, and shower max.

2.1 bbmass resolution

The bb mass resolution assumed in making these estimates is 108 icentral part of the distribu-
tion. This represents a significant improvement over th& 3% resolution obtained in Run 1. One can
improve upon the jet energy corrections by making the bessipte use of all detector information, in-
cluding tracking, shower max, calorimeter, and muon chamiéigurgll shows the improvement of jet
energy resolution possible by determining jet energy franoptimum combination of all jet informa-
tion. A great deal of effort, presently underway, is neededriderstand the jet energy corrections to the
level required to attain 10% resolution. The required irdégd luminosity for Higgs discovery scales
linearly with this resolution.

2.2 btagging efficiency

The estimates of required integrated luminosity assumetika tagging efficiency and purity are essen-

tially the same as in Run 1 in CDF, per taggable jet, shown guié[R. The better geometric coverage
of the Run 2a and 2b silicon systems, however, is taken irdolatt and leads to a much larger taggable
jet efficiency. Unlike the Run 1 detector, the CDF Run Il dagedas a silicon vertex detector covering

the entire luminous region, and has a 3D vertexing capgbiiince the required integrated luminosity

scales inversely with thequareof the tagging efficiency (assuming constant mistaggingshathere is

a potentially great improvement for developing high-eéfiay algorithms fob-tagging. [htpb]

2.3 Background Systematic Studies

Most particle searches are designed to have a small baaidyrtypically only a few events. The effective
fractional statistical precision of the background is af #ame order as the background size, implying
that (fractional) systematic errors can be rather largsteé3yatic uncertainties of 30% of the background
are common in searches. However, the Run Il Higgs searchhaw# hundreds of background events,
which come predominantly from the direct production of wettosons plus heavy flavors, top and single
top, di-boson, and QCD jets production. In some cases, tignituae or the shape of the Standard Model
backgrounds are not known at the required level of accua@yexample, in thewbb channel analysis
no estimates were made of the genétidijet background. This process has a very large cross sectio
but tiny acceptance, and is thus not modeled reliably. IMaB& Run 1 analysis, this background was
about half of the total, and estimated from the data. Unireis which affect the dijet mass spectrum
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Table 1: Fractional change in backgrounds to gl signal as a function of?. The result shows the fractional change of
each component of the backgroundgdsshanges from the nominal g /2 and to2¢. In the average, the absolute values of
percent changes for the twd choices were used.

Source | Percent change

W + bb 6+1%

tt 1+1%
Singletop | 3.8 +0.2%
wWZ 2.4+ 0.1%

WH signal| 04+0.1%

are particularly important to control because the comptmkave different spectra. With collider data
in hand, the understanding will be improved using dedicatadies and by tuning the event simulations
to match collider data control samples.

The remainder of this section is an estimate, in advancegaifgiant data taking, of the uncer-
tainty in background estimates arising from systematicetmamties in simulations. One of the possible
sources of uncertainty has been chosen for this study. Téet &fom ¢? dependence on the background
inside a mass window of 20 around a target Higgs mass is explored. Signal and backdrevents
for the channepp — W H — evbb were generated using the Pythia generator and passed lthitoeig
detector simulation used during the Run Il SUSY/Higgs whdfs The basic event selection outlined
in the SUSY/Higgs report was applied, and the acceptandenittie mass window was computed. This
process was repeated with the scale in Pythia changed @ and ¢?/2, ranges commonly chosen
when assessing systematic uncertainties from simulafidre results, expressed as fractional change
in acceptance, are shown in tafle 1. Systematic effects Wiamying ¢> scale become important when
the overall (fractional) uncertainty approaches 5%. Aseeigd, the largest uncertainty comes from the
steeply fallingiW + bb background. This is particularly important, becaW®e+ bb is the dominant
component of the background.

3. Standard Model Higgs

The dominant SM Higgs production at the Tevatron is gluareglfusion via a heavy quark loop, giving
a single Higgs produced. The Higgs can also be produced atiasi®n with alV or Z boson via its
couplings to the vector bosons. Figdle 3 shows the produatioss section for various modes as a
function of Higgs mass. In the range below 135 GeV Higgs méissdecay obb dominates, and for
larger masses the decay to W pairs dominates.

In the gluon fusion case, since the Higgs decays predoniyntmbb (for Higgs masses below
135 GeV), there is an overwhelming background from QCD petida of bb pairs. ThelW H and Z H
modes, however, have been extensively studield [10] andtteadveral distinct signatures in which a
Higgs signal can be observed with sufficient integrated hasity.

3.1 Low-mass Higgs

For low mass € 135GeV) Higgs, the most sensitive signatures arise from thimteép decays of thél’
andZ, and are denotetvbb, vbb, and/t¢~bb. Hadronic decays of thB” andZ lead to theygbb final
state which suffers from large backgrounds from QCD mulgj@duction.

In Run 1 in CDF, all four of these channels were studied, adddelimits on the Higgs cross
section times branching ratio té as depicted in Figurg] 4. As the plots shown, the Run 1 limiés ar
more than an order of magnitude above the expected StandaatdiMross section. Improvements to the
detector, coupled with much higher luminosity in Run Il leadhe greatly enhanced sensitivity in the
Standard Model search.

Maximizing the sensitivity of the search for the Higgs ingdhechannels depends most critically



38

CDF PRELIMINARY Rur !

~ 107 T
@ . 95% C.L. upper limits]
2 e kb ]
fa Sy _--:_"_":':'_“:-:- ......... -
0 Tee—eal__WBp T
i, ggbb  ~ " T T T 7T
e 10 | =
m — - 3
X VH combined 1
~ | d
E =

2
T o
& | & |
5 & '

Standard Mode
10 -1 o (a1 I
90 100 110 120 130

Higgs Mass (GeVic?)

Fig. 4: Limits on SM Higgs cross section times branchingoradibb from CDF runi.

on three things as mentioned above: attaining the bestlpessi mass resolution, attaining the best
possibleb jet tagging efficiency and purity, and attaining as largeta dample as possible.

Figure[$ shows the twé-tagged dijet mass distribution and FigUfe 6 shows the backg-
subtracted signal in thévbb case, for a 120 GeV SM Higgs, combining data from both CDF a@d D
representing 15 fb! integrated luminosity, which clearly illustrates that eweith the best resolution
attainable, discovering the Higgs at Tevatron remains antdjallenge.

3.2 High-mass Higgs

For larger Higgs masses-(135 GeV), the Higgs decays predominantlylt&i’ ). Two modes have
been shown to be sensitive in this mass rargér (from gluon fusion production of single Higgs) and
(*0*55 (from tri-vector-boson final stated) J56]. The criticaluss in these search modes are accurate
estimation of thédV W background in the former channel and estimation of g7 +jets background

in the latter.

3.3 Standard Model Higgs Reach in Run I

The integrated luminosity required to discover or excluide $tandard Model Higgs, combining all
search channels and combining the data from CDF and DO , versimofigure[J. The lower edge of the
bands is the nominal estimate of the Run 2 study, and the baddad upward with a width of about
30%, indicating the systematic uncertainty in attainabsssresolution) tagging efficiency, and other
parameters.

The figure clearly shows that discovering a SM (or SM-likeQgti at the 5-sigma level requires a
very large data sample: even with 15 the mass reach is about 120 GeV at best. A 95% CL exclusion
can, however, be attained over the entire mass range 116d¥9vith the integrated luminosity foreseen
in Run 2b.

4. SUSY Higgs

In the context of the minimal supersymmetric standard m@d&SM) the Higgs sector has two doublets,
one coupling to up-type quarks and the other to down-typekguand leptons. There are five physical
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Higgs boson states, denotedA, H, andH*. The masses and couplings of the Higgses are determined
by two parameters, usually taken todme, andtan 5 (the ratio of the vacuum expectation value of the
two Higgs doublets), with corrections from the scalar togimg parameters.

The light scalai can appear very Standard-Model-like or nearly so over @&ftaiange of MSSM
parameter space. In this scenario the results of the searchef SM Higgs produced in thd” H and
Z H modes are directly interpretable.

More interesting is the case of largen 5. Since the coupling of the neutral Higgség{/H) to
down-type quarks is proportional tan 3, there is an enhancement factortafi? 3 for the production
of bbp, ¢ = h, A, H relative to the SM rate appearing in figdie 3. This leads tordisfinal states with
four b jets; if we demand that at least three of the jets be taggedbalckground from QCD multijet
processes is relatively small. In Run 1, CDF searched ferghocess, and from the null result excluded
a large swath of MSSM parameter space inaccessible to LERoam in figurd]8.

Based on the Run 1 analysis, and taking into account the wegtetagging efficiency, figurf] 9
shows the regions ofi 4 versustan (3 that the Tevatron can cover for different integrated lursities.
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Fig. 9: Regions of MSSM Higgs parameter space wheréiScovery is possible, using SM Higgs search results.

5. Conclusion

Studies of the discovery reach for the SM and supersymmidiggs in Run Il have been summarized.
Combining the results from all possible decay channels cantbining the data from both experiments,
with 15 fb~! the Tevatron experiments can exclude a SM Higgs at the magstsabout 190 GeV at
95% C.L. or discover it up to 120 GeV at the &vel. A great deal of effort remains in order to raise the
performance of the accelerator and bring the detectorsierald fully operational to the level demanded
by the Higgs search.
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C. Experimental Observation of an invisible Higgs Boson at HC
B. Di Girolamo, L. Neukermans, K. Mazumdar, A. Nikitenko Bndeppenfeld

Abstract

We present ATLAS and CMS simulation studies on the obselitsaloif an

invisible Higgs boson produced via weak boson fusion at tHELWith full

and fast detector simulations we have checked the seleefimrency of the
basic cuts proposed to search for such an object. The Leved Hayh Level
trigger strategies for this purely jet and missifg final state are discussed.

1. Introduction

Some extensions of the Standard Model (SM) exhibit Higg®bssvhich can decay into stable neutral
weakly interacting particles, therefore giving rise toigible final states. In supersymmetric models, the
Higgs bosons can decay with a large branching ratio intoighddst neutralinos or gravitinos in some
region of parameter spade [118], leading to an invisibld fitae if R parity is conserved. Invisible Higgs
decay also happens in models with an enlarged symmetryibgeséctore.g. in Majoron models[[119],
[L20], where the Higgs disintegrates into light weakly matging scalars. Another possibility arises in
models with large extra dimensioris [R13]. In Randall-Sunttype models[[121], the Higgs boson can
mix with the scalar radion field which then predominantly aes; invisibly, to graviton statef [122]. The
invisible decay of the Higgs boson is a possibility whichaget be addressed in collider searcijes][123].

Presently, the LEP Il collaborations exclude invisible ¢tignasses up to 114.4 GelV[124]. The
presence of invisible Higgs decays makes much more diffibeltHiggs boson search at hadron collid-
ers. Phenomenological studies have been done on obségvabthe invisible Higgs inZ H andW H
associated productiofi [87] antH production [125]. Assuming that the Higgs boson is produwét
SM strength, while decaying with an invisible branchingfran of ~ 100 %, associated H production
was estimated to be sensitive to Higgs massd$0 GeV [8f] at the LHC, whiletH production might
extend the Higgs mass range to 250 GEV[125]. In recent W@ki{8vas shown that the LHC potential
for the search of an invisibly decaying Higgs boson can besidenably extended by studying Higgs
production via weak boson fusion. According to these paewel studies, 1¢fb—" of data should allow
to discover these particles with masses up to 480 GeV, atihevel, provided their invisible branching
ratio is 1. A method for background estimation directly frtm data has also been proposed.

The search strategy for an invisible Higgs described ih [88vily relies on the performance
of the ATLAS/CMS calorimetry for jets angr reconstruction as well as on a dedicated calorimeter
trigger. In the study presented here we basically repeattiadysis done in[[88], but with a more
dedicated simulation of the detectors. We also discussipedsevel 1 and High Level triggers for the
most efficient on-line selection of invisible Higgs eventhe efficiency of the basic selections proposed
in [BF] has been checked. Below we will refer to the followings on theEr of tagging jets, a rapidity
gap between two tagging jets, an effective mass of taggitsg(jé;;), missing transverse momentum
(pr) and the azimuthal angle between two jets in the transvdase ;) :

Ep 7> 40 GeV, |y <5.0, |nji =izl > 44, njnjz < 0, 1)
pr > 100 GeV, )

M;; > 1200 GeV, (3)

$ij < 1 @

A mini-jet veto (no jet withEp > 20 GeV in then gap between two tagging jets) and lepton veto (no
lepton withpy > p¥') have also been used. The full set of these cuts we shall teféereafter, as
WBF cuts.
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2. Trigger on invisible Higgs

A purely multi-jets pluspr final state in the invisible Higgs search requires a dedicatdorimeter
trigger both at Level 1 and at High Level. Off line analysiplits a specific feature of the two tagging
jets accompanying Higgs production via weak boson fusiomairticular a big gap in rapidity between
them (1). Such a requirement on the two jet topology couldfdied already in on-line selections -
at Level 1 and in High Level trigger (HLT). Together with a @rt calorimeterjr, these cuts allow to
suppress the QCD background rate down to an acceptableolfexdéw Hz, as will be shown later.

The Forward Calorimeters of the ATLAS/CMS detectors withyla crucial role in the on-line
and off-line selections of invisible Higgs due to the preseaf two forward-backward tagging jets. The
acceptance of the CMS Hadron Forward (HF) calorimeter (<3/@| < 5.0) for these jets wittty >
30 GeV is shown in Talj] 1, before and after cut on the rapidity lgetween jets. One can see that with
the rapidity gap constraint, almost 80 % of the Higgs everitshave at least one tagging jet in the
pseudorapidity region covered by HF.

Table 1: Acceptance (in %) of the CMS Forward Hadron Calotémtor tagging jetsEr > 30 GeV) ingqg — qqH.
| no jets in HF| one jetin HF| 2 jets in HF |

no cut on| 71 — ;2 | 49 45 6

| 151 — Nj2 |>4.4 22 65 13

2.1 Level 1 trigger

ATLAS : The implementation of a specific trigger for Weak Boson Bagirocesses is still under
discussion in ATLAS. Up to now the strategy at LVL1 is to natlirde a trigger on jets withy| > 3.2.
However all the information on jet energy apdg is potentially available at LVL1 for all the covered
regions (n| < 4.9).

A discussion on the implementation of a dedicated triggetdgging jets for the studies of the
WBF channels is in progress. The invisible Higgs channellbieen used to demonstrate how such a
trigger is fundamental for such a search and, once it is imptged, how all the WBF channels benefit of
the trigger redundancy that will be important for precisessrsection measurements for these channels.

Using the results obtained with the off line analysis of tingdible Higgs channel, the significance
S/+/B at an integrated luminosit}, = 10 fb~! has been evaluated for two different regions of the jet
rapidity acceptance, finding: (&8)/v/B ~ 10, if || < 4.9 and (b)S/VB ~ 4, if |n| < 3.2.

The LVL1 hardware in ATLAS offers the capability to recogmithe jet hemisphere, therefore the
data produced for the off line analysis have been analystdtive cuts enumerated in the following to
evaluate the expected rate at LVL1 for the background psesed(a) 2 tagging jets; (B);| < 4.9; (c)

Pl > 40 GeV; (d)n;, - nj, < 0; (€)pr > 85 GeV.

The signal efficiency has been evaluated to be about 95 % tatketcuts for the events which
passed off-line selections (1)-(4). Talple 2 gives the rédesll the background channels and for the
signal for a luminosity ofL = 103*cm~2sec! and the number of events for an integrated luminosity
[ Ldt = 10 fo~! (corresponding to the first year of running at LHC). Theséipieary results look very
promising. Further studies are going on to evaluate theson these numbers with a more accurate
simulation of the forward region.

The trigger on the tagging jets has to be extended as muctsaibmin, to preserve a good signal
to noise ratio, as demonstrated by the following study. Tiggér efficiency versus has been evaluated
by measuring the ratio betweé¥,, the number of events at a given LVL1 acceptapge< nry 1, and
Ny.9, the number of events when| < 4.9:

€(n) = Nn/N4.9
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Table 2: Expected rate and number of events for signal ankgbaends during the first year of LHC operation.

| Process | Rate (Hz)| Nr. of events|
H — inv (120 GeV)| 6.1-10~* 6.1-103
Wijj 4.0-1072 | 4.0-10°
Zji 21-1072 | 2.1-10°

QCD (100-150 GeV)| 1.9-1072 1.9-10°
QCD (150-200 GeV) 3.3-1072 | 3.3-10°
QCD (200-250 GeV) 3.5-1072 | 3.5-10°
QCD (250-300 GeV)| 2.4-10~2 2.4-10°
QCD (300-x GeV) |4.5-1072 | 4.5-10°

In figure[] the behaviour of versusy is shown. It is clear from the plot that, reducing the accep-
tance region, the signal is strongly reduced, while a lowsydct is obtained on the QCD background as
well as on théV j; and Z ;5 backgrounds.

/I:I\ l,l: T I T T T T | T T T T | T T T T | T T T T | T T T T I T T :
: 1 et -
o -
% 09:_ ..............................................................................
o F
= 0.8
w =
0.7 :
E Htoinv.
0.6 "
- Wijj
0.5 Zjj
c v QCDjj (5 = 100 - 150 GeV)
0.4F QCDjj (5 = 150 - 200 GeV)
03 - O QCDjj (5 = 200 - 250 GeV)
E QCDjj (p. = 250 - 300 GeV)
0.2 QCDjj (p; = 300 - x GeV) : : : =
0 1: 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 :

-5 -4.5 -4 -3.5 -3 -2.5

i}

Fig. 1: Level 1 efficiency versug coverage of Level 1 calorimeter trigger.

CMS: CMS will have Jet triggers at Level 1 operating over therentialorimeter acceptance, includ-
ing Hadron Forward calorimetef [126]. The present Level lbrimeter trigger table includes a set of
inclusive Jet triggers, missing; (MET) trigger as well as combined Jet+MET trigger. We havenid
that the combined Jet+MET trigger (with Jet trigger also lengented in the HF) is the most effective
for the invisible Higgs selection. At low luminosity.(= 2 x 10>3cm~2sec!), with thresholds of 70
GeV on both Jet and MET, it provides 96 % efficiency for the events selected with off-line cuts(@)
and at an acceptable background rate of 0.6 [L27-129jh &thigh efficiency can be understood
from Fig.[2 and Fig[]3 where transverse energy of the highegat and calorimetepr reconstructed in
off-line and at Level 1 is shown for the events which passediffiline selections (1)-(4). In the off-line
reconstruction bottk; of jet andpr are corrected for the effects of calorimeter non-lineardst energy
corrections are also applied at Level 1, while it is not feeesto correcpr at Level 1. Due to this the
Level 17 spectrum shown in Fig] 3 is shifted in comparison with oféljfy-.
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Fig. 2: Reconstructed’; of the highest; jet for the Higgs Fig. 3: Calorimetepr reconstructed at Level 1 (dashed his-
events passing cuts (1)-(4). Solid histogram - off line reco togram) and off line (solid histogram) for the Higgs events
struction, dashed histogram - reconstruction at Level 1. passing cuts (1)-(4).

2.2 High Level Trigger

CMS: At High Level Trigger the off-line requirement (1) on theegpslorapidity gap between the two
highestE; jets can be exploited together with the cut;gn Full granularity calorimeter information
is available at HLT and computer farms will perform jet gfidreconstruction like in off-line analysis.
In Fig. B the rate of QCD multi-jet events fdr = 2 x 1033cm~2s~! after cuts (1) is shown as a
function of the cutoff onpr. This plot has been obtained with full detector [130] andrestruction [13]1]
simulations processing QCD multi-jet events withbins from 15-20 GeV up to 2600-3000 GeV (about
1M events). One can see that a cutfgnabove 80 GeV will reduce the rate below 1 Hz.
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Fig. 4: QCD multi-jet background rate after cuts (1) as a fiamcof the threshold og.
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3. Results of off-line analysis with detector simulation

We have performed off-line analysis, partially with fullcapartially with fast ATLAS/CMS detector
simulation programs, using mainly the selection critefig(@) together with mini-jet veto and lepton
veto. As backgrounds, QCD multi-jet production and QCD dedteoweak (EW) W and Z production
with more than 1 reconstructed jet have been consideredwBele separately provide two independent
ATLAS and CMS analyses.

3.1 CMS analysis

Kinematics simulation: Signal events have been generated with PYTHIA6.158 (WitEEQ5L struc-
ture functions) [[140] for a SM Higgs of mase ;=120 GeV, produced via weak boson fusion. All
backgrounds (except QCD multi-jet production) have beemukited with LO matrix elements inter-
faced with PYTHIA for hadronization and additional initiahd final state radiation. Colour and flavour
information at the parton level is passed to PYTHIA. EW Zjflafjj events were generated with COM-
PHEP [13P] (with CTEQ5L); QCD Zjj and Wjj events (generatedCTEQA4L) were generated with
MadCUP programs[J183] based on the work of REf.]134]. Loadecsion criteria have been used to
produce events at the parton level with tree level matrimelats:

P > 20GeV, |n;| < 5.0, |nj1—njal > 4.2, njnze <0, (5)
M;; > 900GeV, (6)

These events are further processed through PYTHIA. Initias sections (in pb) given by the matrix
element calculations with these cuts are presented in[[TaBr&s sections includBr(Z — vv) and
Br(W — (v) for three lepton generations.

Table 3: Cross sections (in pb) for backgrounds as given byrlaBrix element calculations with cuts (5), (6pr(Z — vv)
andBr(W — fv) is included.

[ QCD W+jj [ QCD Z+jj | EW W+jj | EW Z+jj |

| 760 | 157 | 47 | 0.644 |

Detector simulation: Full detector simulation has been performed for the Higgs @CD multi-jet
events atl = 2 x 1033ecm~=2s~! (on average 3.4 minimum bias events of PYTHIA MSEL=1 havenbee
superimposed). One of the crucial questions of this stu@ypsoper simulation of the tails in ther
distribution of the QCD multi-jet background. Such tailsutbbe due to reapr from heavy quarks
decays, but also due to a number of detector effects. To makiédent estimates of such effects we
used about 1 million QCD events, fully simulatéd [130] ancbrestructed[[131]. As mentioned already,
events have been generated in differgnivins from 10-15 GeVd = 8.868 x 102 fb) up to 2600-3000
GeV (o = 11.25fb). However, as will be shown later, this statistics is stilt Bnough to directly prove
that the QCD background could be suppressed to an accefdablafter all cuts are applied.

The other backgrounds, QCD and EW production of Wjj and Zjjehbeen simulated with CM-
SJET [13p] fast simulation with no minimum bias events sirpposed.

Another key point of all searches for a light Higgs producedweak boson fusion is the use of a
mini-jet veto, namely a veto of events with additional sd-(> 20 GeV) jet(s) inside the rapidity gap
between two tagging jets. The efficiency of the mini-jet vistexpected to be sensitive to detector effects
like calibration, electronic noise and readout threshdlitsraction of soft particles in the tracker in front
of the calorimeter, magnetic field, or pile up activity. Sn@e did not expect that the fast CMSJET
simulation can properly reproduce some of these effectsdidiaot evaluate mini-jet veto efficiency
from CMSJET simulation. Instead we multiply the backgroefiitiency byP;,,., as estimated i [$8].
Py calculated in[[136] is a probability to radiate a jet (pajtonthe rapidity gap between two tagging
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jets. In the parton level study of [88] it has been assumet gheh jets will be reconstructed with
100 % efficiency. CMS full simulation study on soft jet rectsostion [13¥] shows that with a dedicated
window algorithm it is possible to reconstruct 20 GeV jetbat luminosity with reasonably good purity
and about 100 % efficiency. The question of the false jet fgson is still under investigation.

Results on QCD background:Fig.[§ shows the distribution of the QCD jet background (blue empty
histogram) and of the Higgs signal, fof;;=120 GeV, (red full histogram) after cuts (1),(3). With an
additional cut (4)pr for the signal events is shown as the light green histograRigr$. One observes

that the tail in the background distribution goes well beyd®0 GeV. In Fig[[5 QCD events in the tail
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Fig. 5: pr for Higgs of M =120 GeV and QCD multi-jet background after selectiong8}),

come fromp; bins between 300 and 600 GeV. Once the cut (4pgnis applied, no background event
with p7 > 100 GeV is left. With the statistics used in the analysiss thads to an upper limit of

1 pb on the QCD background contribution which is about of h@e8 higher than the signal expected
after the same selections (1)-(4). The ATLAS fast simutaitudy (see below), which uses much higher
statistics, shows that the QCD background can be suppréssedegligible level with cuts (1)-(3) plus
a cut on the minimal angle in the transverse plane betweemnd a jet, or with cuts (1)-(4).

Results on Higgs signal and QCD and EW Z+jj, W+jj backgrounds

Estimated cross-sections (in fb) for the Higgs and backuieuat different steps of the event
selection are shown in Tafl. 4. Numbers in parentheses arestimeates obtained i [B8]. Standard
Model production cross-sections and Br(— invisible) = 1 are assumed.

The first row of Tab[]4 presents cross sections after cut¢3j1nd a veto on identified electrons
(muons) for the Wjj backgrounds (includingi8(from = decay inW — 7 + v) with peT(“) >10 (5)
GeV and|n*®™| <2.5. The lepton veto i [$8] includes a veto orleptons withp?. >20 GeV and
|n®*7| <2.5. Here we discuss the veto on taus separately as a lepimovea jet veto, dependent on
whether the tau decays leptonically or hadronically. Higné Fig [} showgr distributions for the signal
and background events after cuts (1) and (3) andweto for thelV 5 backgrounds.

The second row of Talf] 4 presents cross-sections afterjetimeto. As has been mentioned, the
efficiency of the mini-jet veto for the backgrounds is takeonf [88]. For the Wjj background with
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Table 4: Cross sections in fb for the background and Higg/gf=120 GeV assuming BH — invisible)=1 and Standard
Model production cross-section for the Higgs. Numbers ieptheses are results froE|[88].

\ cross section, fb | Higgs | QCDZjj | QCDWjj | EWZjj | EWWj |
after cuts (1)-(3) and @f veto for Wjj | 238(274) | 857(1254)| 1165 (1284)| 141.5(151)| 145.1(101)
+ mini-jet veto 180(238) | 240(351) | 237 (360) 116(124) | 84.5(83)
+¢;; <1 74.7(96.7)| 48.0(71.8)| 40.0(70.2) | 12.8(14.8)| 8.7(9.9)
B 102 2 SM Backgrounds for-H—>invisible
g 10 H—>invisible, My=120CeV 8
S (RG] el i s it élozf after-cuts (1),(3)
ur after cuts (1),.(3) L;U; aco zjj
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Fig. 6: pr for Higgs of M =120 GeV after cuts (1), (3) Fig. #r for backgrounds after cuts (1), (3) angigfeto

for W35 background

W — v and hadronic tau-decay, the veto on thiet is included in this second row. The efficiency of
ther jet veto is estimated with fast CMSJET simulation, countirgnts with a reconstructed energy of
the 7 jet greater than 20 GeV. A mini-jet veto efficiency of 0.76 foe signal is obtained from the full
simulation. It is lower than the efficiency of 0.87 used|[in][8Bhis may be due to the reconstruction of
additional soft jets from minimum bias events. Since we ptamse tracker information to suppress such
contributions, our estimate of the mini-jet veto efficierioythe Higgs events is conservative.

The last row of the Talj] 4 presents cross-sections afteelaitson cuts. Fig[]8 and Fifj} 9 show
¢;; distributions for the Higgs and background events aftes ¢1i}-(3), ef:) veto for Wjj background
and mini-jet veto. After all selections are applied, Tabhdvwes good agreement between our estimates
and the ones obtained i [88] (except for a 40 % lower Wijj baokgd). Our simulations therefore
confirm the conclusion reached [n][88]: the LHC potentialtia search for an invisibly decaying Higgs
boson can be considerably extended by studying the weaklfosimn channel.

3.2 ATLAS analysis

Kinematics and detector simulation: Higgs production, QCD multi-jet and QCD Zjj and Wijj produc-
tion have been generated with PYTHIA6.168 ]100]. QCD mjeitievents were generated with PYTHIA
MSEL=1 subprocesses and forin the interval 50-300 GeV, divided in bins of 50 GeV, and for>

300 GeV. QCD zjj (Wjj) backgrounds have been produced switgtlon the processes 15, 30 (16, 31)
with p; > 30 GeV. These processes generate Z(W)+1 parton only anticeddlijets are produced due
to initial and final state radiation (ISR, FSR) and fragmtata Processes 123 and 124 have been used
to generate Higgs production via weak boson fusion.
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Fig. 8: ¢;; for Higgs of Mx=120 GeV after cuts (1)-(3) Fig. 9: ¢;; for backgrounds after cuts (1)-(3), &,veto for

and mini-jet veto Wijj background and mini-jet veto

Fast detector simulation with the ATLFa$t [138] package pagormed both for the signal and
all backgrounds.
QCD background rejection: After cut (1) on the tagging jet topology, the QCD multi-jetdkground is

about of factorl0? larger than the other backgrounds. Cuts (1)-(3), mini#jetlepton veto suppress this
background to the level of QCD Wijj and Zjj backgrounds. Cdashble contributions of QCD multi-

jet events - T[] T e tail of tipe
Alo E T T T T T T I T T T I T T T I T T T '. T —
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Fig. 10: Missing energy distribution after cuts (1), (3) niriet and lepton veto.

distribution in QCD multi-jet events is mainly due to seraptonic decays within jets{ 70% of b-jets).
Therefore the missing energy is carried by the jet wherdasrried by the Higgs for the signal.

An additional cut is used to ensure that the QCD multi-jetkgagund is well under control. We
define an isolation variablé as the minimal angle in the transverse plane betwgeand the tagging
jets: I = min(|p(pr) — #(j1,2)|). The scatter plots in Fif. L1 show the correlation betwggrand! for
the signal and the different backgrounds. A cut/on 1 removes 97% of the QCD multi-jet background



50

pprpatonnn: - ocase T
QCDjj b Wi
2%3  F 50% 45% ]

1
0.5F 1% — 0sf 5% 3
c'O 0I5 1 1I5 é 2?5 :I’> i GO- 0I5 1 ll5 é 2?5 é |

Fig. 11: Event distribution im;; versus Isolation variable for backgrounds and signal.

at the price of a 25% loss of the signal, but it does not affeetst;; region which is important for the
final counting. It may affect however, the accuracy in thalftéon of the Zjj and Wjj backgrounds from
the experimental data since it reduces the number of usgf@Wz— 2e, 2u) and Wjj (W — e(u) + v)
events by about of 40-50 % as one can see in [Fig. 11. Aftertgmienf events with/ > 1 the QCD
mini-jet contribution in the region gf; > 100 GeV becomes negligible as shown in fig. 12.
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Fig. 12: Missing energy distribution after cuts (1), (3) niniet and lepton veto and Isolation cut.

I:)Tmiss

Higgs signal and Wijj and Zjj background estimates: Tab.[b presents the estimated cross-sections in
fb for a Higgs of M ;=130 GeV and QCD Wijj and Zjj backgrounds for the differenieséibn criteria.
Standard Model Higgs production cross-section andiBr{ invisible) = 1 is assumed. Lepton veto in
the first row of Tab[J5 includes veto of Wijj events with lepten €, 7) of p22* ™ > 5, 6, 20 GeV and

|n® # 7| <2.5. One can see that QCD backgrounds after all cuts are abfaator 1.8 larger than if [88].

It is mainly due to the fact that the rejection factor due ® hini-jet veto obtained with this simulation

is about a factor 2 smaller than the one used ih [88]. Theejisorcy in the signal is understood as FSR
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Table 5: Cross sections in fb for the background and Higga/gf=130 GeV assuming BH — invisible)=1 and Standard
Model production cross-section for the Higgs. Numbers ieptheses are results froE|[88].

cross section, fb

| Higgs (130 GeV)| QCDZjj | QCDWjj |

after cuts (1)-(3) and lepton veto 187 (266) 817 (1254) | 899 (1284)
+ mini-jet veto 146 (232) 457 (351) 451 (360)
+o; <1 60.1 (94.3) 132.3 (71.8)| 125.6 (70.2)

in PYTHIA. For the QCD backgrounds it is known that PYTHIA diets a smaller VV+3jet cross section
than matrix element calculations, when the hard procedmislated as V+1parton events. This might
lead to an underestimate of mini-jet activity in PYTHIA. $ipoint requires further study.

Since EW Wjj and Zjj backgrounds have not been simulated, seethe background fractions
of [BF] and assume that EW Wjj and Zjj events contribtte20% to the total background. Ta. 6
presents cross sections in fb for the total background and fdiggs of Mz=130 GeV, after all cuts
including the Isolation cut. Fid. L3 shows; distributions for the signal and backgrounds after cuts
(2)-(3), mini-jet and lepton veto and Isolation cut.

Table 6: Cross section in fb for background and Higgs\bf= 130 GeV after all cuts including the Isolation cut. The EW

V57 background has been estimated to contribute &% 20 the total background and has been added.
\ cross section, fb | H(130GeV)| Zjj | Wjj |

all cuts not including cut op;; < 1 130 446 | 428
with cutong,; <1 60.1 158. | 150.7
/-\20 T T T T T T T T T T T T T T T T T T T T — Signal
€18 - QCDjj
o T S Wij
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Bl40— : E
100%.:._... ..... _;
30 3
40 _'—___‘_ =
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Fig. 13: ¢;; after cuts (1)-(3), mini-jet and lepton veto and Isolation ¢

Discovery potential: The observation of the invisible Higgs is fully determinegdthe knowledge of
background cross sections in the search area. At preserdgatiing order calculations for QCD Zjj and
Wijj backgrounds lead to uncertainties of a factor of 3 to geteling on the renormalization scele][88].
However, these backgrounds could be directly predictedHa usingZ — Il or W — [v data samples
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Fig. 14: ¢;; distribution for the QCD Zjj background (solid line) and gieted fromZ — e™e™ events (dashed line). Cross
points and the right y-axis are for the residue of the twarittistions, defined as]\’“%%.

as proposed in[[88]. Fid. 14 shows the predictgd distribution for the QCD Zjj background using
Z — ee events. Residuals shown in this plot are definedag;, — Npred)/Ng;;;. Residuals indicate
some pattern which is understood as the different acceggaing; for 7 — ee andZ — vv events.
Moreover, the minimal leptopr threshold to insure its observability induces a bias indhig prediction.
Then the systematic error on the normalisation facter i2.4%. At NLO these uncertainties should be
negligible and they are not considered in the following.

We define the sensitivity to invisible Higgs as 1.96 standhaviations (95 % CL) from the back-
ground error which includes statistical error and the aacyrof the background prediction from the
(Z — 2Djjand (W — [ + v)jj data. The systematic error on the background prediagastill under
investigation, therefore we use the predicted accuracy%fas evaluated irf [B8]. One should keep in
mind however, that if the PYTHIA estimates of QCD Vijj crosgtiens with mini-jet veto are correct,
then the statistics fdiij; andlvjj events, which are used for the background measurementg\atsd
be a factor 2 higher. Hence the 3% error would go down by a fa¢ Tab.[7 and Fig[ 15 show the
parameter

_T(aa—qatl)

¢2 = Br(H — invisible) x
9 (qq—qqH)SM

(7)

that can be probed at 95 % CL as a functionéf;.

Table 7: Sensitivity to thédd — invisible signal for different Higgs masses. The first line is the cismstion after all cuts.
The two last lines give values gf which can be probed at 96 CL for an integrated luminosity of 1¢b~* and an expected
background o810 fb without and with a83% uncertainty on the total background.

| My (GeV) | 110 | 120 | 130 | 140 | 150 | 200 | 250 | 300 | 400 |
esurvo(¢j; < 1) (fb) || 56.2| 61.1] 60.1] 64.6| 64.2] 58.8| 51.2| 42.5] 31.0
¢ (%) (only stat.) || 20.7| 17.8] 18.2] 16.9] 17.0| 18.6| 21.4| 25.7| 35.1
&% (%) stat.+ 3% 40.4| 34.8| 35.4]32.9]33.1] 36.2]| 41.7| 50.1| 685

We have investigated the possibility of the invisible Higdpservation in the MSSM sector. In this
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case, Higgs (h and H) production via weak boson fusion isr&gsed by the factor

O (qq—qqH)MSSM
(99—aqH) _ (g(t/,H)2 (8)
O(qq—qqH)SM

with (gf£)? = sin?(a — B) and(g!)? = cos?(a — (). It means a Standard Model like production for h
and a strongly suppressed production for H for lakdg andtan (/). Fig.|16 shows Higgs production
cross sections via weak boson fusion for different(3) values. The black line is the Standard Model
cross section. The marked line is the ATLAS sensitivity assg thatBr(H — invisible) = 1. The
lines of different colours are production cross sectiom$f8SM h and H for different values oin(03).

In the case that gaugino mass unification is ruled pyt [89] afid //2=5 we have for medium
tan = 5 a large Brf — xx) which could cause a dangerous situation for Higgs disgogeithe
LHC. At the decoupling limit {(/4=1TeV) and for large stop mixing;=2.4 TeV and large stop mass (1
TeV) the lightest Higgs mass is 120 GeV and it is produced Sttimdard Model cross section. Figl 17
shows the region where the Higgs does not escape detectiothd-region which is not covered by the
invisible Higgs search, the Higgs boson will be detectedthgiodecay channels.

4. Summary

We have presented results of two independent studies of ATard CMS on the experimental observ-
ability of an invisible Higgs produced via weak boson fusairthe LHC. Background estimates in the
two analyses differ substantially even though the perfaiceaof the two detectors is similar for this par-
ticular study. One of the reasons is that different MC sample used in the analysis: purely PYTHIA
(2 — 2 processes) generation of W,Z plus multi-jet backgroundsgeneration with full LO matrix
elements implemented as an external process into PYTHIA Mbst important reason however, which
makes a difference of more than a factor of 2 between CMS aridA\&Testimates of QCD Wjj and
Zjj backgrounds, is different rejection factors for the ijit (central jet) veto. In the CMS study, the
survival probability of the mini-jet veto has been takemfranalytical calculations as a multiplicative
factor, while in the ATLAS study it comes from PYTHIA gendmat of additional soft central jets be-
tween two tagging jets and the further reconstruction ofd¢hiets with the calorimeter using the fast
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detector simulation. The expected performance of mini4gb in weak boson fusion events requires
further study, for all Higgs decay modes, not just the imlesidecay considered here.

Even with the more pessimistic background estimates of THed simulations it has been shown
that an invisible branching ratio af 30-40 % can be probed at 95 % CL up to Higgs mass of 250 GeV
with the first 10 fb—! of data. Fortunately, for the invisible Higgs search in thal experiment there
will be the possibility to estimate Wjj and Zjj backgroundisedtly from the data. In addition one can
directly measure the mini-jet veto efficiency with thesergse

A detailed study of the possible trigger strategy at bothdldvand High Level trigger has now
been performed. It was shown that very high trigger effigrefie 95 %) for invisible Higgs can be
achieved with an acceptable background rate, by makingfusealogical selections of the tagging jets
in addition to a missindur cutoff.

Acknowledgements

A.N. would like to thank S. llyin for the generation of the EWjZbackground with COMPHEP and
explanation of the usage of this package. L.N. acknowledgesal support from Polish-French Collab-
oration within IN2P3 during completing this study. L.N. aBdD.G. would like to thank E. Richter-Was
for fruitful discussions.



56

D. Search for the Standard Model Higgs Boson using Vector Bas Fusion
atthe LHC

G. Azuelos, C. Buttar, V. Cavasinni, D. Costanzo, T. Figij&per, K. Jakobs, M. Klute, R. Mazini, A. Nikitenko,
E. Richter-Was, I. Vivarelli and D. Zeppenfeld

Abstract

The weak boson fusion process has been suggested and disceissntly as a
discovery process for a Standard Model Higgs boson in tleerimediate mass
rangempy < 2my at the LHC. The additional jets in the forward region of
the detector and the requirement of low jet activity in thetra region al-
low for a significant background rejection. In the presemgrahe analyses
for the H — WW® and theH — 77 decay modes have been performed
using a more realistic simulation of the expected perforeasf the LHC de-
tectors. The results obtained confirm both the large disggwetential in the
H — WW® decay channel and the sensitivity to Higgs boson decays into
T-pairs, which is important for the determination of the Higgbson coupling
to fermions.

1. Introduction

The search for the Higgs boson is one of the primary tasks ekettperiments at thkarge Hadron
Collider (LHC). It has been established in many studies over the peetsy[1[L[12] that a Standard
Model Higgs boson can be identified with a high significancerdkie full mass range of interest, from
the lower limit set by the LEP experiments of 114.1 GEV [3] a@bout 1 TeV.

At the LHC the production cross section for a Standard Modigigkl boson is dominated by
gluon-gluon fusion. The fusion of vector bosons radiatednfinitial state quarks represents the second
most important contribution to the production cross sectidhe relative contribution depends on the
Higgs boson mass. In the intermediate mass range vectonlfosmn amounts to about 20% of the
total production cross section and becomes more importihtincreasing mass. However, for this
production mode additional event characteristics can p#gd to suppress the large backgrounds. In
these events the Higgs boson is accompanied by two jets fortlvard region of the detector originating
from the initial quarks from which the vector bosons are &dit Another feature of the vector boson
fusion process is the lack of color exchange between thialistate quarks, which leads to suppressed
jet production in the central region. This is in contrast tostnbackground processes, where color flow
in the t-channel appears. Jet tagging in the forward regfdhe detector together with a veto of jet
activity in the central region are therefore useful toolemhance the signal to background ratio. These
techniques have so far been applied in the search for heaygsHiosong[12].

The observation of the Standard model Higgs boson at the bii@ivector boson fusion channels
in the intermediate mass range has first been discussed & [B6f and [3B] for thed — ~+ and
H — WW® decay modes and in Ref.]37] for ti¢ — 77 decay mode. In the framework of thes
Houches workshothe analyses for th&/ W *) and 7+ decay modes have been repeated using more
realistic simulations of the performance of the LHC detestincluding forward jet tagging and jet veto
efficiencies. In the present study the performance at low lianosity, i.e.£ = 1033 cm2sec™! , is
addressed, and the discovery potential is evaluated fegriated luminosity values up to 39—, which
are expected to be reached during the first years of operation

2. Signal and Backgrounds

The cross sections for the vector boson fusion process heredalculated using the programmé2H
[L39]. Although next-to-leading order calculations araitable [3}], leading order cross sections have
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been used. The size of the QCD corrections amounts to ab&tuthd is thus small. Another reason for
this approach is the consistency with the background estgn#or which NLO cross section calculations
are not available for all relevant processes. The Higgsdhiag ratios have been calculated using the
programmeHDECAY[B(]. The values for the total cross section for the vectasdmofusion process
as well as the cross sections times branching ratios fofthe WW ) and H — 77 decay mode are
given in Tablg]Jl as a function of the Higgs boson mass. Theg baen computed using the CTEQ5L
structure function parametrizatioh [140].

Table 1:Total vector boson fusion production cross sectiofggH) ando - BR(H — WW*)) ando - BR(H — 77) as a
function of the Higgs boson mass.

m (GeVv) || 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190
o(qqH) (pb) || 436 ] 404 ] 372 ] 346 | 3.22 ] 3.06 | 2.82 | 2.64
o-BR(H — WW®™) (fb) || 531 | 1127 | 1785 | 2370 | 2955 | 2959 | 2620 | 2054
o-BR(H — 771) (fo) || 304 | 223 | 135 | 64.4 | 11.9| 28 | 1.6 | 1.0

The following background processes are common to all cHammoasidered, as described in more
detail in Ref. [3B]:

e ¢ production: due to the appearence of two b-jefsevents contribute already at leading order to

the background, if the two b-jets fulfill the identificatioriteria of the two tag jets.

e QCD WW backgroundthe continuum production of W-pairs, where two or more tag@mdidates
arise from parton emission.

e Electroweak WW backgrounghair production ofi’ bosons via t-channel vector boson exchange.
Due to the similarity to the signal process the rejectionhid particular background is expected
to be much harder than for the QCD type backgrounds.

e QCD Drell-YanZ/~* + jet production with Z/v* — ee, up andrr.
e Electroweakrr production:tau pair production via a t-channel weak boson exchange.

Table 2:Cross sections times leptonic branching rati®® (— (v, | = e, u and7) for the major background processes.

process | pr-cutoff | cross-section
tt 55.0 pb
QCDWW + jets 16.7 pb
Z/y* + jets, Z/y* — 11 > 10 GeV 1742.0 pb
EWWW + jets 81.6 b
EW 77 + jets 170.8 fb
ZJ7" + jets, Z)y — eepp | > 10GeV | 3485.0 pb
77 37.8pb
H— 272 0.26-2.5pb

The signal processes and all background processes exeeptettiroweak WW anet+ back-
ground have been generated using the PYTHIA 6.1 Monte Cadotagenerator[100]. The Drell-Yan
Z/v*+ jet background has been generated using matrix element déasléorqg — Zgandqgg — Zq
with a Pr cutoff of the outgoing quark or gluon of 10 GeV. A summary of thajor background pro-
cesses and the relevant cross sections multiplied by tmehireg ratioBR(W — [v), wherel = e, u
andr are listed in Tabl¢]2. In the PYTHIA simulation initial anddirstate radiation (ISR and FSR) and
fragmentation have been switched on, thereby allowing fgudy of the jet activity in the central detec-
tor region due to radiation. The CTEQ5L parametrizatiorjlef the parton distribution functions has
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been used in the generation of all signal and backgrouncepses. To take the spin correlations in tau
decays properly into account, tau decays have been modeliag the TAUOLAT decay library [45].
The two electroweak processes, which are not included inHIXThave been generated by interfac-
ing the matrix element calculation of Reff.[38] to PYTHIA, igh was then used to perform the parton
showering, including initial and final state radiatidn [14Zhe W + jet background which is relevant
forthe H — WW® — v jj decay channel has been generated using the matrix elememisHe
VECBOS Monte Carlo[[141], interfaced to PYTHIA. The fast siation packages ATLFAST1B8] and
CMSJET [13p] of the ATLAS and CMS detectors have been useétimpn the detector simulation.

3. Experimental Issues in the Search for the Vector Boson Fimn Process

Trigger aspects: all channels considered in the following have leptaner(x) in the final state and can
be triggered by either the single or the di-lepton triggehas been assumed that full trigger efficiency
can be reached for a single electron or muonifprvalues above 25 GeV or 20 GeV respectively. The
corresponding threshold values for the lepton pair triggee 15 GeV (foe) and 10 GeV (fon).

Lepton Identification: it has been assumed that leptoasidy) can be identified in the pseudorapidity
range,|n| < 2.5, with an efficiency of 90%. Hadronically decaying taus candeatified over the same
range of pseudorapidity. The tau reconstruction efficiéaayorrelated with the rejection against QCD
jets and the results obtained in detailed simulation stuffig [12] have been used.

Jet Tagging: from the signal production process it is expected that thethyg jets are reconstructed
with a sizeablePr in opposite hemispheres and have a large separation inqrsgudty. In case where
there is no further hard initial or final state radiation trensverse momentum of the tagging jets should
be balanced by the transverse momentum of the Higgs boson.

In the present study the two tag jets are searched over theafatimeter coverage of the detectors
(In| < 4.9). For all jets a calibration has been applied which corréetget energy on average back to the
original parton energy. After calibration the jet with thigliest Pr in the positive and negative region
of pseudorapidity is considered as the tag jet candidateailbé studies have showp [143] that this
choice of the tag jets has a high efficiency for a correct tagigntifiction. Since the tag jets originate
from quarks in the incoming proton it is unlikely that they &rjets. Consequently a b-jet veto has been
applied in the pseudorapidity range of the detectors, whget tagging is available, i.dn| < 2.5. In
this procedure a b-tagging efficiency of 60% has been asswitleé corresponding efficiency of about
99% for a light quark or gluon jet not to be b-tagged [12].

An important question is how well the tag jets can be idertifi¢ the LHC in the presence of
pile-up. To answer this question a full GEANT simulation bé tperformance of the ATLAS detector
in which also pile-up effects have been considered, has pegarmed [144]. In this study it has been
demonstrated that tag jets can be reliably reconstructéteiATLAS detector and that the fast simula-
tion package of the ATLAS detector provides a sufficientlpdalescription of the tagging efficiency.
Differences between the fast and full simulation have beand in the transition regions between differ-
ent calorimeters and at very forward rapidities. The radtwieen the efficiency for reconstructing a jet
with P above 20 GeV as determined in the full and fast simulatiorbleas parametrized as a function
of Pr andn and has been used to correct the fast simulation resultsdiegty [144].

Jet Veto Efficiencies: at the LHC, jets in the central region can also be producedilbyup events. In
the full simulation study[[144] it has been found that aftpplging a threshold cut on the calorimeter
cell energies of 0.2 GeV at low and 1.0 GeV at high luminoghwt fake jets from pile-up events can
be kept at a low level, provided th&- thresholds of 20 GeV at low and 30 GeV at high luminosity are
used for the jet definition.
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4. TheH — WW® decay mode

In this Section the analyses of thi& — W W ®) channels is briefly described. The acceptance cuts
proposed in Ref[[38] have been used as a starting pointlfFmanulti-variate optimisation has been
performed to find the best combination of values for the dlA8] for Higgs boson masses in the range
between 150 and 170 GeV. The cuts found in this optimizatenelalso been used to get a first estimate
of the discovery significance outside this mass range. Tdrebsignificance may still be improved, if
the cut optimization is done as a function of mass, in padicior lower Higgs boson masses.

4.1 Di-lepton final states: H — WW®) — [vlv

As discussed already previously J[12] 38] a large rejectigairest thett and theW W backgrounds is
obtained by exploiting the anti-correlation of the W spirenf the decay of the scalar Higgs bospr] [31].
Background from real taus frotf + jet production withZ — 77 can be rejected if the tau momenta
and thereby ther invariant mass can be reconstruced in the collinear apmation [33]. Due to the
high Pr of the Z boson inZ + jet events it can be assumed that the neutrinos in the tau deoays a
emitted in the direction of the visible charged leptons.nftbe lepton momenta and th&"*s vector

the fractionsz,, andz,, of ther energy carried by each lepton and thereby#henvariant massn.,-

can be reconstructed. For decays of realvalues ofz;, , in the ranged < z,, < 1 are expected.
The background fron& /v* Drell-Yan production in association with jets can be effitig rejected by

a cut on the reconstructed transverse maggllv) of the di-lepton and neutrino system, defined as

mp(llv) = \/2P#P}m'ss - (1 — cosAg), whereA¢ is the angle between the di-lepton vector and the
Piss yector in the transverse plane.

In the event selection the following cuts have been applied:
e Two isolated leptons witlr > 20 GeV and|n| < 2.5;
e Two tag jets withP}. > 40 GeV, PZ > 20 GeV andAn,gs = |1y — N7ag] > 3.8;
in addition it has been required that the leptons are renststd within the pseudorapidity gap
spanned by the two tag jetst”;;” <My < NMigg's
° Lepton Angular CUtSA¢ll < 1.05, ARy, < 1.8, cos 0; > 0.2
My < 85 GeV, PT(ZLQ) < 120 GeV,
where A¢y; is the azimuthal separation between the leptansgd;; is the cosine of the polar
opening angleA Ry; is the separation in — ¢ space, and/j; is the invariant mass of the di-lepton
system.
e Real tau rejection: events are rejected;if, -, > 0.0 and
Mz —25GeV < M, < Mz + 25 GeV,;
e Invariant mass of the two tag jetd7;; > 550 GeV,

e Transverse momentum balan¢&| < 30 GeV.
If no hard initial or final state gluons are radiated, it is exfed that the transverse momentum of
the Higgs boson is balanced by the transverse momentum ofvtheag jets, such that an upper
cut on the modulus of the vector

_’Tt“Ot _ P’%l +p’7l;2 + _’71212‘33 —|—ﬁ%’1 —|—ﬁ7j¥2
can be used to reject background.
e Jet veto: no jets wittPr > 20 GeV in the pseudorapidity rangeg| < 3.2;
o 7/v*, Z/v* — 77 rejection:mp(llv) > 30 GeV.
The additional background contributions for the signahfreame-flavour leptons, of which the

the ee- and pu-Drell-Yan backgrounds are the dominant ones, can be eftlgieejected by tightening
the di-lepton mass cut and by introducing’g*** cut:

o My < 75GeV andPriss > 30 GeV.
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Table 3:Accepted signal (forny = 160 GeV) and background cross sections in fb for tHe— WW — ep channel after
the application of successive cuts. For the signal the doations via the vector boson fusion and the gluon fusiomolehare
given separately. The last two lines give the final numbdtitontributions fronriW — 7v — lvv v are added for both the
ep and theee /pp final states.

signal (fb) background (fb)

wW gg || tt WW + jets | Z/y* + jets total

mu=160 GeV EW | QCD | EW | QCD
Lepton acceptance 25.3 107.4|| 5360 | 12.9 | 513.7 | 3.56 | 12589 | 18479
+ Forward Tagging 10.7 235|| 186.4| 7.79| 137 | 1.04 | 125.8| 3224
+ Lepton angular cuts 6.99 1.46|| 22.0| 047 | 0.12| 0.40 22.7 45.7
+ Realr rejection 6.69 1.44|| 21.0| 042 | 0.12| 0.06 3.54 25.1
+ Inv. massh;; 5.30 0.89| 12.5| 0.42| 0.05| 0.06 2.54 15.6
+ prot 4.56 0.63| 2.71| 0.33| 0.04| 0.05 1.77 4.90
+ Jet veto 3.82 0.45| 0.72| 0.31| 0.03| 0.04 1.16 2.26
+ Mr-cut 3.71 0.42| 0.69| 0.30| 0.03| 0.01 0.03 1.06
H—-WW® et X
incl. 7 — e, p contribution 4.14 0.46( 0.71| 0.33| 0.03| 0.01 0.03 1.11
H—-WW® = ee/up+ X
incl. 7 — e, p contribution 3.89 0.43| 0.64| 0.33| 0.02| 0.01 0.15 1.15

The acceptance for a Higgs boson with a mass of 160 GeV andhdobdckgrounds after the
application of successive cuts is summarized fordhédinal state in detail in Tablf] 3. In addition to
the signal from the vector boson fusion also contributiaesnfthe gluon gluon fusion procegg —
H — WW® where the two tag jets are produced from initial and finakstatliation, have been found
to contribute to the final signal rate.

All numbers given in the upper part of Talfle 3 come from did®tays into electron and muon
final states. Di-leptons can, however, also be producedasaatle decays of tau leptons, for example,
W — 7v — lvp v. These contributions have also been calculated and havedoeled to the accepted
signal and background cross sections. An increase of al@8atf@r the cross sections has been found.
Due to the softeP; spectra of leptons from tau decays this contribution is En#iian the one expected
from a scaling of branching ratios. The final acceptanceudtinly the contributions from cascade
decays, is also given for the sum of the and u. final states. Due to the additional cuts the signal
acceptance is slightly lower than in the case.

It has to be pointed out that the numbers for the domimabiackground given in Tablg 3 have
been obtained from the PYTHIA parton shower simulation. Adependent estimate of that background
has been made by using tree level matrix element calcufafionit + 0,1, and2 — jets. In order
to avoid double counting when adding the three contribstithe procedure proposed in Rdf.][38], to
define three distinct final state jet topologies, has beeptado Fortt + 0 jets, only the two b-jets are
considered as tag jet candidates. Initial and final statatiad in these events may lead to a rejection of
the event due to the jet veto. A distinctively different slésdefined by thosg+ 1 jet events where the
final state light quark or gluon gives rise to one tag jet anel @ithe two b-jets is identified as the other
tag jet. Finally, a third class is defined where'in+ 2 jet events the final state light quarks or gluons are
identified as tag jets.

Using this procedure the total background in the channel has been estimated to be 1.65 fb,
which is about a factor of 2.3 higher than the PYTHIA predioti The largest contribution has been
found to arise from events where one tag jet originates frdo¥jed and the second one from an emitted
parton. In the following estimate of the signal significanaeconservative approach is taken and this
number is assumed for thiébackground.

After all cuts a large signal to background ratio can be redchvhich leads to an impressive
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discovery potential for a Higgs boson with a mass around 1€@ @@ this channel. It has to be pointed
out that even if the largeit background estimate is taken, the signal to background iathuch better
than in thegg — WW®) channel considered so fdr [{Z,145]. Therefore, the finaiaigignificance
is much less affected by systematic uncertainties on th&gbagnd. Similar to the situation in the
g9 — WW® channel no mass peak can be reconstructed. Evidence forad ks to be extracted from
an excess of events above the sum of the backgrounds, fopéxamthe transverse mass spectrum.

Following the discussion in Ref| [B8] the transverse magt@Higgs boson has been calculated
as

My = (B + B2 — (5l + ppeiss)?.
where
EYf = /(P12 + mi B =/ (PP5)2 4 mi.

The corresponding distribution is shown in Hig. 1 for Higgsbn signals of 140 GeV and 160
GeV above the total background.

~ 05 —~ 05
£ B £ B
~ = [ Higgs signal 140 GeV ~ = [ Higgs signal 160 Ge
[s] — Q —
b% — [ tt background b% = [ tt background
04— 04 —
— E= WW background - E== WW background
03 [— 03 |
02 |— 0.2 |
01 |— 01 |
0 | 14 F5 0

o

Fig. 1: Distributions of the transverse massr for Higgs boson signals of 140 GeV (left) and 160 GeV (right\we the total
background after all cuts are applied. The accepted crosfi@eso,.. (in fb/5 GeV) including all efficiency and acceptance
factors are shown in both cases. The number of events olosertke detector is obtained by multiplying with the intagi
luminosity.

It should be noted that in the present study humbers for ey background have been found
which are somewhat different from the numbers quoted in tiygnal parton level study of Ref[ [B8]. A
detailed comparison between both simulations has beearpgefl and the main differences have been
understood. One reason for a reduced signal efficiency wixbén the present study is a lower lepton
acceptance. In addition, the efficiency for reconstructimg tag jets is found to be lower. Both are
related to effects from initial and final state gluon radiati They lead to a degraded lepton isolation
as well as to non-Gaussian tails in the jet response whictoale fully corrected in jet calibration
procedures. However, the main conclusions of Hef. [38}, tia search for vector boson fusion in the
intermediate mass range at the LHC has a large discoverptaitior a Standard Model Higgs boson in
the H — WW*) decay channel are confirmed.
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4.2 Thelv-jet-jet channel

It has also been investigated whether the larger branclitig of the W-bosons into quark pairs can

be used and the process — qqgH — qqWW® — gq lv jj can be identified above the larger
backgrounds, in particular the” + jet background. This process has already been established as a
discovery channel for a heavy Higgs bospn [12] in the vectmoh fusion process, but has so far not
been considered in the intermediate mass region.

The final signal rate in this channel is expected to be mucleiddhan the corresponding numbers
in the di-lepton channe[ [1}#6]. However, a possible obgeneof a Higgs boson with a mass around
160 GeV can be confirmed in this channel for higher integratednosities around 36 ~!. It must be
stressed that very hard cuts on the and on the invariant mass of the forward tag jets, as well as on
the separatiol\ R between the lepton and the jets from the W-decay are negdssextract the signal
above the large backgrounds. These extreme cuts mightesdad larger systematic uncertainties on
the background prediction.

4.3 Discovery potential as a function of mass

The analyses outlined above have been performed in theaider of Higgs boson masses from 110
to 190 GeV. The expected numbers of signal and backgrountteespected in the transverse mass
interval 50 < My < mpy + 40 GeV are given in Tabl§ 4 for integrated luminosities of 5 andis !,
respectively, for the thre& TV (*) channels considered. The interval of transverse mass keaschesen

to maximize the signal to background ratio. For signal evaout 98% of all events are contained in
that interval. For the estimate of the signal significaneertifore conservative matrix element estimate
of thett background has been used.

Table 4: Expected signal and background rates for the thig&) *) decay channels as a function wf;; assuming an inte-
grated luminosity of b ! and 30fb ! (for thelrjj channel). In addition, the signal significances are giverafointegrated
luminosity of 5 and 3@b~!. They have been computed using Poisson statistics and emparaystematic uncertainty of 5%
on the background.

mu (Gev) [[ 110 120 | 130 140 150 | 160 | 170 | 180 | 190
H—-WW® Sep+ X

Signal (5mh~') || 04| 18| 48| 84 | 13.9| 22.7| 21.6| 16.9 | 12.7
Background (g-')|| 52| 60| 70| 80| 83| 91| 93| 94| 98
Stat. significance (B~ ') - - 15| 25| 39| 58| 55| 44 | 34
Stat. significance (3~ !) - | 15| 39|69 |111|17.3| 163 | 126 | 9.3
H—WW® S ee/pp+ X

Signal (5tb7') || 03| 1.6 | 44| 7.9 | 13.2| 21.5| 20.4 | 16.6 | 11.6
Background (b~')| 52| 59|69| 76| 80| 86| 88| 89 | 9.2
Stat. significance ®1) - - 14| 24| 38 | 56 | 53 | 44 | 32
Stat. significance (3t ~1) - 16| 39| 6.7 | 10.8| 16.9| 158 | 12.8| 8.8
H-WW® S lvjj+X

Signal (30~ 1) - - | 45| 75| 105| 24.0| 24.0| 18.0 | 15.0
Background (3ab1) - - | 60| 60| 6.0 | 18.0| 18.0| 18.0| 18.0
Stat. significance (3 ~1) - - 15| 24| 33| 46 | 46 | 35 | 3.0

The signal significances, expressed in the equivalent numb&aussian standard deviations,
have been calculated using Poisson statistics and assamimgegrated luminosities of 5 and 89!
and a systematic uncertainty of 5% on the background.cAliScovery can be claimed forfs~" for
mpy = 150 — 185 GeV if theep andee/up channels are combined. For an integrated luminosity of 30
fb~! the discovery range increasertgy = 130 — 190 GeV.
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Table 5:Accepted signal (fomr = 120 GeV) and background cross sections in fb for tHe— 77 — ep channel after the
application of all cuts for both thex and the sum of thee and i channels. For the signal the contributions via the vector
boson fusion and the gluon fusion channel are given sepgrate

signal (fb) background (fb)
Y% gg tt | WW + jets | 77+ jets | Total
mp=120 GeV EW | QCD | EW | QCD
H—717—ep 0.23 0.01}| 0.02 | 0.01 0.0 | 0.02| 0.04| 0.09

H— 71— ee/up || 0.24 0.02” 0.05 | 0.01 | 0.0 | 0.04 | 0.08 | 0.17

5. TheH — 77 decay mode

In the following searches faf — 77 decays using the double leptonic decay maedd] — qq 77 —

qq v 1~ v and the lepton-hadron decay magg? — qq 77 — qq [*vv had v, are described. Due

to ther7 final state theZ + jet, Z — 77 background contributes to the irreducible background and
constitues the principal background f&r — 77 decays at low Higgs boson masses. The main points
of the analyses are briefly summarized in the following sotises. For details the reader is referred to

Refs. [14)r] and[[148].

5.1 Di-lepton final states:H — 77 — [T~ PP + X

The di-lepton final state is characterized by two tag jethéforward regions of the detector, two leptons
in the central region and missing transverse momentum. dll@ving cuts have been applied to select
eu final states:

e Two isolated leptons witlPr(e) > 15 GeV and|n.| < 2.5 and
Pr(p) > 10 GeV and|n,| < 2.5;

e Two tag jets withP}. > 50 GeV, PZ > 20 GeV andAn,gs = |1y, — 17, > 4.4.
In addition, it has been required that the leptons are reénaisd within the pseudorapidity gap
spanned by the two tagging jetgy " < mi, , < Ning”;

e Missing transverse momentunf;**** > 50 GeV,

e Invariant mass of the two tag jetd7;; > 700 GeV,

e Jet veto: no jets withPr > 20 GeV in the pseudorapidity range defined by the two tag jets

Mhag' <15 < iag"s

e Azimuthal separatiom\¢;; between the tag jetsd¢;; < 2.2.
This cut is applied to reduce the electrowedkj background, for which back-to-back jets are
preferred [88].

e SeparatioAR,,, in n — ¢ space between the two leptonsR,,, < 2.6,

e Real tau reconstruction:,,, z., > 0 andz? + 22, < 1;

e Mass window around the Higgs boson mass; — 10 GeV < m.» < my + 15 GeV.

For ee anduu final states the additional background from Z decaying éator pu is efficiently
rejected by requiring in additionn;; < mz — 15 GeV.

The results are summarized for both #)e and the sum of thee and pu channel in Tabl¢]5,
where the accepted cross sections for the signal with= 120 GeV and the background contributions
are given after the application of all cuts. Aftereconstruction the signal to background ratio is still
much smaller than 1. This situation is drastically chandier ¢he application of the mass cut around
the Higgs boson mass. Due to the reconstructed Higgs boses tie sidebands can be used for the
determination of the absolute level of the background.

The distribution of the reconstructed- invariant mass is shown in Fig] 2 (left) for the sum of
the eu, ee and up channels for a Higgs boson signal of 120 GeV above the bagkdgrassuming an
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integrated luminosity of 36! .

30fb*
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Fig. 2: left: The reconstructedr invariant mass for a Higgs boson signal of 120 GeV inlthehannel above all backgrounds
after application of all cuts except the mass window cuthti§g he reconstructeer invariant mass for a Higgs boson signal
of 135 GeV in thgl — had)-channel compared to the QCD plus electrowéak- jj (Z — 77 — [ + had backgrounds
after application of all cuts except the mass window cut. dthizases the signal and background numbers are shown for an
integrated luminosity of 36 ~*.

The analysis has been performed for Higgs boson massesiiartge from 110 to 150 GeV. The
expected numbers of signal and background events and tiististd significance for a Higgs boson
discovery expressed in terms of Gaussian standard dewatice given in Tabl§] 6 for an integrated
luminosity of 30fb~1 .

Table 6:Expected signal and background rates and statistical §icarice for the threer decay channels as a functionsafy
assuming an integrated luminosity of 807" .

m (Gev) || 110 | 120 | 130 | 140 | 150
H — 717 — ep Pp*®°

Signal 301y || 77| 70| 51| 33| 15

Background @@~y | 70| 26| 23| 19| 15

Stat. significance (3tb~') || 24 | 3.2 | 25| 1.8 | -

H — 77 — ee/up PF**°°
Signal (30b7') || 92| 72| 57| 31| 15
Background (3a@b~') || 105| 52 | 3.8 | 3.1 | 2.3
Stat. significance (3b~!) || 24 | 26 | 23 | 1.4 | -

5.2 The lepton-hadron decay modeH — 77 — [Tvv had v

Thel — had decay mode of ther final state has also been studied using a fast simulationeo€MS
detector [135]. The backgrounds considered in this studyQED and electroweak production Bf+

ji (Z — 17 — |+ r-jet) andW + 35 (W — e(u) + v). As in the previous studies, thé + j;j
background it expected to be sm4ll|[37]. QCD+ j; production has been generated using the lowest
order matrix element provided by the authors of Rel. [37ifatced to PYTHIA. The electrowedk+ jj
production has been simulated with COMPHIEP]132], aga#riated to PYTHIA. ThéV + 3; events
have been produced with PYTHIA which may lead to an undenedé of this background cross-section.
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For the present study the jet veto efficiency has not yet beslnated in a full detector simulation
and the survival probability as determined in REf] [38] hesrbused to account for the acceptance of the
jet veto cut. In Ref.[38] the jet veto efficiency was found ®®87 for signal events and background
from electroweak production and 0.28 for QCD type backgdsuin addition, it has been assumed that
the jets are reconstructed with full efficiency. Resultseblasn a full simulation of the CMS detector
have shown that a reconstruction of Id# jets around 20 GeV is possible with a high efficiency in a
low luminosity scenario. For the identification of the hadootau with the calorimeter and the tracker
information an efficiency of 0.32 has been used. Using theseria a probability of 0.0019 is obtained
for mis-identifying jets as hadronic’s.

In the event selection the following cuts are applied:

e One isolated lepton wity > 15 GeV and|n| < 2.4;

e One hadronic tau jet witl?’r > 30 GeV and|n| < 2.4;

e Two tag jets WithAny,gs = |1f,, — N7yl > 4.4.
In addition, it has been required that the lepton and thgdaare reconstructed within the pseu-
dorapidity gapn,* + 0.7 < M7 —jet < Nygg” — 0.7,

e Invariant mass of the tag jetdZ;; > 1000 GeV,

e Transverse mass,(l, Pjiss) = \/ 2PLPIs (1 — cosA¢) < 30 GeV,
e Tau reconstructiond <z, <0.75, 0 <z, <1,
e Mass window:m,, —mpg| < 15 GeV.

The number of signal events fory=135 GeV and the number of different background events
expected after all selections for an integrated lumingiitys—" are given in Tabld]7. The errors quoted
result from the statistical uncertainty of the Monte Car&tadsamples. For comparison the number of
events estimated in Ref. [37] are also shown in the seconafte table.

Table 7:Number of signal#. 7 = 135 GeV) and background events in the had channel expected after all selections for an
integrated luminosity0 fb~*
Higgs, Mr=135GeV] QCDZ+j | EWZ+j |  W+3
6.7+0.3 0.63+0.10 | 0.74+0.08 | 0.14+0.05
6.2 (from Ref.[3[7]) | total background from Reff [B7]is 1.1

The number of signal and the total number of background svexpected after all selections
for different Higgs boson masses in the range between 118.4BdseV and assuming an integrated
luminosity 30 fb—! are shown in Talf] 8.

Table 8: Expected signal and background rates and statistical ficamice for the I-had-7 decay channels as a function of
m g assuming an integrated luminosity of 897!,

mu (Gev) || 115 | 125] 135 | 145
H — 77 — lhad Pp***°

Signal (30b~1) || 126 | 9.9 | 6.7 | 3.6

Background 3@t) | 55| 23| 15| 1.1

Stat. significance (3tb~') || 41 | 45| 3.7 | 2.4

The reconstructedr invariant mass for the QCD and EW + jj (Z — 77 — [ + 7-jet)
backgrounds and for a Higgs boson with;=135 GeV is shown in Fid] 2 (right). The distributions are
normalised to the expected number of events after all cutep the mass window cut, for an integrated
luminosity of30 fb.
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6. Conclusions

The discovery potential for the Standard Model Higgs bosothé intermediate mass range has been
studied using the vector boson fusion process. It has beapnmrated that the LHC experiments have
a large discovery potential in thed — WW*) — [~ P7iss channel. The additional signature of tag
jets in the forward and of a low jet activity in the central imagof the detector allow for a significant
background rejection, such that a better signal to backgteatio than in the inclusivél — W W ),
which is dominated by gluon gluon fusion process, is obthirfs in the inclusive case, only the trans-
verse mass of the Higgs boson can be reconstructed and & Isiggnto be claimed from an excess of
events above the background. Due to the larger signal togbagkd ratio in the search for the fusion
process the signal sensitivity is less affected by systematertainties on the background prediction.
The present study shows that the ATLAS and CMS experimetitedtHC would be sensitive to a Stan-
dard Model Higgs boson in this decay channel in the mass rbetyeeen 150 and 185 GeV with data
corresponding to an integrated luminosity o5 ! only.

In addition, it has been shown that in the low mass regiomigr < 140 GeV the LHC experi-
ments are also sensitive to the decay mode of the Standard Model Higgs boson, if the chaistits of
the vector boson fusion are exploited. However, a discowettyis final state would require an integrated
luminosity of about 3@b ! and a combination of the-{ and! — had decay modes. The measurement of
ther decay mode is particularly important for a measurementeHiygs boson coupling to fermions.

The present study confirms the results published eaflig4d8F that the search for vector boson
fusion in the intermediate mass range at the LHC has a lasgewtry potential over the full range from
the lower limit set by the LEP experiments up2onz, where the high sensitivitth — 27 — 41
channel takes over.
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E. Study of the MSSM channelA /H — 77 at the LHC

D. Cavalli, R. Kinnunen, G. Negri, A. Nikitenko and J. Thomas

Abstract

Sudies both from ATLAS and CMS with fast and full detector giation have
shown that the discovery potential of tA¢H — 77 channel in the MSSM is
large in them range from~100 GeV to~1 TeV already with 3ab—! col-
lected at low LHC luminosity 033 cm=2s~1). The results of these studies, in
particular for the lepton-hadron and the hadron-hadron fieaay channels,
are presented here. The question of the trigger for the hdurdron final
state that is a very important issue for this purely hadrdinial state process
is also discussed here.

1. Introduction

In the minimal supersymmetric extension of the Standard é@dSSM), two Higgs doublets are re-
quired, resulting in 5 physical states, referred tdlas H—, h (neutral lighter scalar), H (neutral heavier
scalar) and A (neutral pseudoscalar). At tree level theissaa can be computed in terms of only two
parameters, typicallyna andtanS (the ratio of the vacuum expectation values of the two ddaple

The MSSMH — 77 andA — 77 rates are strongly enhanced with respect to the SM case over
a large region of the parameter space.

A/H can be produced via two different mechanisms. For lowesloftan s, thegg — A/H (di-
rect production mode - Fig] 1) rates are dominant and sigmifig larger than in the SM case. For large
values oftang, the production is dominated hyy, gg—bb A/H, gg—bb A/H is largely dominant
between the two at the LHC, (associatggdproduction mode- Fid.] 2).

Forma> 150 GeV, the H and A bosons are degenerated in mass, so the sigeslim therr-
channel can be added, whereas a more complicated procesherding on the experimental resolution
and on the mass differenee-ma has to be applied foma < 150 GeV [149]. Higgs-boson masses
below 120 GeV have not been considered in this channel beadise large resonant background from
Z — 771 decays.

For hightan values A and H couple dominantly to the heaviest lepton anldetdeaviest down-
type quark; the branching ratio of A/H is 90% into bb and~ 10% into 7.

Including the decay of the leptons, the three possible final states are:
e the lepton-leptondu) channel, with a branching ratio (BR) 6f3%;
¢ the lepton-hadron channel, wifBR = 46%;
e the hadron-hadron channel, with? = 41%.

The lepton-lepton channel has been studied in thertgw region «~500 GeV) both in ATLAS
[L49] and CMS[[16k]: compared to the lepton-hadron chartrtaris out to provide a worse sensitivity

g

Fig. 1: Direct A/H production mode.
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Fig. 2: Associatedb A/H production modes.

to a possible signal, due to both its lower rate and the legaifable kinematics of the-decay. CMS is
studying the possibility to use the impact information tduee the backgrounds in this channel.

The lepton-hadron channel has been studied in thesdgwregion both in ATLAS [1PR] [150] and
CMS [169]. In this channel the application ofjet identification strongly reduces the jet-background
from various sources. In ATLAS thevs region studied has been recently extendee-1oTeV [L150]
with promising results.

The hadron-hadron channel has been studied in [162]eneahily in ATLAS [15]1] in the
higherm region (>~ 500 GeV). The leptonic decay channels include a triggeotepthich allows for
an efficient background reduction; in the hadron-hadromeikthe purely hadronic final states compete
with QCD jets, so it is difficult to maintain the trigger ratasceptable and it is also difficult to find
criteria to reduce the huge QCD background. To exploit ftiky2 7-jet final states, especially in the
very low (~ 200 GeV) mass range, an efficient hadronicigger has been developed in CMS based on
Level-1 calorimeter selection, Level-2 electromagnetiodmeter isolation[[183] and a Level-3 tracking
(isolation) [16H].

The search strategy for all channels is based on kinematitslr-jet identification (for the chan-
nels where at least one decays hadronically) and the recontruction of theinvariant massn.,
so it relies on two very important detector performance irequents. One important feature of the
A/H — 77 analysis is in fact the possibility to reconstruct the imar77 mass. The energies of the
two 7's are evaluated from the energies of thdecay products, assuming that they have the same direc-
tion of ther-parent; the neutrino energies are obtained solving amsystataining the twe*** com-
ponents. Therefore, it is crucial to have a very ge&¥*s resolution. For the channels where at least
oner decays to hadrons, a very goedet identication is also crucial, to have the possibiliyr¢ject the
huge jet-background from different sources.

2. ATLAS Results
2.1 Event Generation, A/H Production Cross-Sections and Bmching Ratios torr

The signal and background events were generated with thédRY8.152 Monte Carlo event generator.
The CTEQSL parametrisation of the structure functions wseslu The fast ATLAS detector simulation
was used[[138).

The direct A/H production (frogg — A/H — 77) cross-section is calculated using the program
HIGLU [[L55], based on the results df [17]. The associabedA/H cross-section is calculated using
the program HQQ, which calculates the production crosteseof Higgs bosons vigg, gg—bb A/H
according to the results presented[in [156]. The MSSM Higgsos is implemented in the approximate
two-loop RGE approach of [f3]. The program HDECAY is used dtcaglate the total decay widths
and the branching ratio§ [80]. The cross-sections cakedilat leading order (LO) are used here. The
direct A+H production cross-sections and the associated+bb H cross-sections, both multiplied by
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the BR(A/H —77), are shown in Fig[]3 and in Fid] 4 respectively, for threéedénttans values. For
large values otang, the production is dominated by the associated productiodenmoreover, for a

fixedtan( value, the ratio between the associated and direct pranfuicicreases as increases.

S C
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< :0 Direct production
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| Pythic6. 1
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207\‘\\\‘\\\‘\\\‘\
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Fig. 5: Averagepr(A/H) as a function ofn s in direct and associated production in PYTHIA6.1

There are differences in the event topology and kinematiteéden the events from the two dif-

ferent production processes:

e there are b-jets ibb A/H events

e thepr distribution of the generated A/H is different. As can bersigem Fig. [b, the averagerA
is larger in direct production for masses larger than 150.GeV

It must be underlined that the theoretical uncertainty fithlihe computation of cross-section and

simulation of events for theb associated production is still large [157].
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2.2 r-jetidentification, pi*iss resolution and the reconstructedm., resolution in ATLAS

An excellentr-jet identification performancto suppress the huge jet-background from various sources
is necessary for tha./H — 77 study for the channels where at least andecays hadronically. In
ATLAS the 7-jet identification/jet-rejection has been studied with fietector simulations of signal and
background event$ [152]. The criteria to identify a hadrqget as ar-jet are based on both calorimeter
and tracker information.

Inthepr region 30-150 GeV, the requests are (here called TDR @itmrtause they were used to
obtain the results reported in in the ATLAS Physics PerfaroeaTechnical Design Report (TDR) [12]):
e R.,, < 0.07, whereR,,, is the jet radius computed using only the e.m. cells conthin¢he jet;

e AEX? < 0.1, whereAE}? is the difference between the transverse energies codtaineones of
sizeAR =0.2 and 0.1, normalised to the total jet transverse enErgy

e N;. = 1, whereNy, is the number of reconstructed charged tracks with> 2 GeV pointing to the
cluster.

With these cuts the-jet identification efficiencye,) is ~ 25% for 7's from m =150 GeV
pr” 7€ >~ 50 GeV) and thejet — rejection goes from~ 170 to ~ 1700 for jets in 30<pr <150 GeV,
depending on thgr and on the jet type (light quark, gluon, b-jet). With the samiteria ane, ~ 40%
for ma=800 GeV & pr™7¢ >~ 200 GeV) and ajet — rejection ~ 2500 against QCD jets with
pr>150 GeV can be achieved. In Fig. 6 thget identification efficiency as a function of, is shown,
while in Fig. [T the jet-efficiency is shown as a function of feepy. Ther-jet identification criteria
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Fig. 6: Efficiency of ther-identification criteria forr's  Fig. 7: Efficiency of ther-identification criteria in QCD jet
from A — 77 decays as a function afia. events as a function g’

were optimized for the highny andpr(>150 GeV) [15P] combining the Atlas TDR criteria and the
criteria used by CMS in[[162]. Asking for:

o Ry < 0.12

e CMS cuts

- 1 isolated track withp>40 GeV withinA R<0.1 from the jet axis

- track isolation: no other track withy>1 GeV in a cone oA R=0.4
ane, ~ 45% (e, ~ 55% - only CMS criteria) forr’'s from m =800 GeV can be achieved and the
jet-rejection can be significantly improved 40 3500 ( ~ 2000 - only CMS criteria) for QCD jets with
pr>150 GeV.

However, the jet-efficiencies are still determined witlgkaerrors: a larger statistics of fully sim-
ulated events containing jets is still needed to compleagestidy.
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Moreover a very goodz/*s-resolution performancefor the reconstruction of ther mass is
required for theA — 77 channel study. Crucial for a gogd’** resolution [158] are the calorimeter
coverage untiln|<5, p™* and p;mss have to be reconstructed from all calorimeters cells (irstels
and outside the clusters), a careful calorimeter calitnadind intercalibration is necessary and finally a
careful choice of electronic noise cutoff has to be madey(oells with E;> 1.50(noise) are kept).

In this way, thep** resolution in ATLAS is found to be:

o (piss) = 0.46 x /X Er

whereX. Ep is the total transverse energy in the calorimeters expidasgeV.

This formula is valid at low luminosity and it takes into acot both the coverage effect and the
energy resolution. At high luminosity, there is a strongrdegtion of thep'ss resolution (about a
factor of 2 worse) due to the pile-up as described in the TBR [1

The invariant mass of the-pair in A/H — 77 can be reconstructed in the collinear approxima-
tion that the directions of the two neutrino systems fromheaalecay coincide with the ones of the
measured—-decay products and under the condition thatsthedecay products are not back-to-back:

Mmrr = \/2(E1 + El/l)(E2 + El/z)(l - COSQ)

whereE,, E5 are the energies of the measuredecay productsE,,, E,, are the energies of the two
neutrino systems and is the angle between the directions of the measurecay products.F,,
and E,, are obtained by solving a system containing the p§6°** components. The measurement
uncertainties o™ | pst combined with the assumption on the directions of the dgragtcts
often result in unphysical negative solutions for the riaotenergies, in that case the mass cannot be
reconstructed.

The mass resolution(m.,) is proportional too(pis*)/|sin(A¢(p1p2))|, therefore both the
pmiss resolution and the\¢ separation between the chargedlecay products are important in the
mass reconstructiof [154].

The reconstructeah.., resolution has been compared for the three different firmaest(after
having applied a cut on the leptgor->24 GeV and on the-jet p>40 GeV - the dependence of the
mass resolution on ther cutoffs is weak - and the cuh¢ < 165°) (see Fig.[]8) and it is found to
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Fig. 8: Relative reconstructed, resolution as a function of A mass.
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be comparable, as it is expected on the base offi& resolution, shown in Fig[]9, and theEr in
calorimeters, shown in Fid. [10.
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Fig. 9: p7*** resolution in A events as a function of AFig. 10:3 Er in calorimeters in A events as a function of
mass. A mass.

The reconstructed mass resolution is systematically wimrsthe associated production events.
In the associated production events in fact the averageof the generated A is lower with respect to
the direct A production and the difference increases with (see Fig.[). This implies that inb A
events the twa's from the A tend to be more back to back, with two important consequetiegsire a
lower acceptance of th&¢ cut and a final worse solution of the system giving the neoteinergies and
consequently a lower efficiency in the mass reconstructimhaaworse resolution. Ak =450 GeV the
relativeo(m.,) is ~ 10% and~ 13% respectively for direct and associated production with eerall
efficiency of theA¢ cut and of the request of positive solutions for the neutanergies of~ 30% and
~ 20%.

2.3 The lepton-hadron channel analysis in ATLAS

The irreducible backgrounds for this channel #re-bW THbIW ~—bb lep T and Z/~v* — 77, the re-
ducible backgrounds art¢ —bW TbW ~—bb lep had, W —lep +jets andbb —lep had.

The analysis criteriaStandard A analysjsare:
o prlerton > 24 GeV (40 GeV fomm >500 GeV) andn|'ePior < 2.5;
e Isolation of the trigger lepton (which rejects leptons frbm by a factor 100 for a 90% efficiency for
isolated leptons);
e my(lepton — piss) < 25 GeV (against the backgrounds containing W), where(hapton — piiss)
is the transverse mass of the lepton-neutrino system;
e piss > 18 GeV (40 GeV form >500 GeV);
e Er7¢t > 40 GeV (80 GeV form >500 GeV),|n|’® < 2.5
e A¢(jet — lepton) in 100° — 165°;
e M., in the windowma + AM (AM = 1.55,,,.).

(r-Candidate);

Each event is weighted using thget identification factor for the-jet candidate (see sectipn]2.2).

Due to the topological and kinematical differences in theaiand associated events, two different
analyses, one optimized for the direct production proctss,other one optimized for the associated
production are performed with the following criteria:

- Direct analysis:
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e zero b-jet tagged (against andbb backgrounds);

e all cuts of theStandardA analysis(7-jet identification, kinematic and mass cuts).

- Associated analysis:

e 1 b-jet tagged (againgt and W+jets backgrounds);

e number of non b-jetsc 3 (againstt backgrounds);

e cuts ofStandardA analysis(r-jet identification, kinematic and mass cugxrept the cut oth¢(jet —
lepton), to not reduce too much the signal acceptance.

To choose the b-jets, a b-tagging efficiency o¥%®ith a corresponding rejection of 100 against other
jets and of 10 against c-jets has been randomly applied.

The dominant background selected by the direct analysiesufrom W+jets, which have the
largest production cross-section and from the> 77 at the lower masses. The analysis optimized for
the associated production rejects much better W+jetsZandrr backgrounds and the background
becomes dominant.

Having the opposite request to have or not to have a b-jeethgfe two analyses are not corre-
lated, so, after having applied them separately to botrasgamples (direct and associated A production)
and to background events, the significances can be combined.

The results at lower masses have been compared to the resubtded in the TDR and they
have been found to be in reasonable agreenfient [150]. Theretiffes observed are due to the different
PYTHIA version, to the use of fast instead full simulatiordda the use of different cross-sections values
for signals and backgrounds.

At the higher massesi(, > 500 GeV), the analysis is performed only on the events froen th
bb A production channel, due to the complete dominance of tlaiyztion mode (see sectipn]2.1).

Despite the low production cross-section and the low aecegss of the analysis«( 0.5% for
ma=800 GeV) the backgrounds are strongly reduced (the totkdraund form =800 GeV is~4.6
events, dominated byt background, in 3@ ).

Figure[I]L shows the distribution of .. after the analysis cuts (except the mass cut) for associated
signal events ain =800 GeV fortan(3=45 and for the main backgrounds normalized to the expected
event number for an integrated luminosity of 30!
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Fig. 11: Reconstructeth,, in the lepton-hadron channel after the analysis cut3f@=800 GeV fortan (=45 and for the
tt and W+jets backgrounds (plotted separately) assumingtegrated luminosity of 36b~!.
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2.4 The hadron-hadron channel in ATLAS: trigger study and amalysis

Due to the very low production cross-section of théH especially in the higher mass region between
0.5 and 1 TeV, the trigger acceptance for the signal needs éxtellent; on the other hand, the signature
of the signal with only hadronic decays is similar to QCDHground.

In the first level trigger, the total rate of Jet antfiggers is dominated by 2-jet QCD-background, which
has to be controlled by appropriately high settings offlhe thresholds for jet triggerg [151]. However,
these settings also reduce the acceptance of the triggéreftiadron/hadron channel of thg H decay.

A high input acceptance of the trigger fAr— 77 — hadron — hadron signal events can be achieved
by using combined Jef#** andr+ER* triggers.

The fast trigger simulation ATL1CT [158] [1F9] interfacemithe fast ATLAS simulation program
has been used for the study. The following trigger types airelevance for the hadron-hadron channel:

o Jet +E7ss (Threshold: 27 > 50GeV, Eiss> 50GeV)
o 7+ Ess (Threshold:ET> 20GeV, s> 30GeV)

e Single Jet £'> 180GeV)

e Three Jet £5'> 75GeV)

e Four Jet €3> 55GeV)

The threshold settings on the clusfer of the jets and-'s are set to accept 90 % of the jets with the
value given in the trigger menu, which is identified with the value in the reconstructionf [159]. The
isolation criteria of ther trigger are set to fixed values of 2 GeV for the electromagrestd 4 GeV for
hadronic trigger towerg [1p0].

The total acceptance in the Level-1 trigger is determinedhkeynumber of events accepted by at least
one of the trigger types. This is equivalent to a logio& Many events are accepted by more than one
trigger.

The input acceptance of the Level-1 trigger for signal evemf,;;; = 450,600 and 800 GeV
for the individual trigger types listed above and their camakion OR) are shown in Fig.[ 12. For
my/p = 800 GeV, an input acceptance of 76.6 % is reached using fixed isoldhicesholds in the
7 trigger. Using an alternative scheme of a dynamic isolatiothe 7 trigger (electromagnetic trigger
towers: 4 % of cluster energy, hadronic: 8 % of cluster enerthys value can be improved to 80.6
% [[53]. The total trigger rate was evaluated beingd .4 kHz, which fits well within the limitations of
the Level-1 trigger menJ [150].

The influence of the trigger acceptance on the discoveryoconhowever, is given by the combination
of the trigger acceptance and the offline analysis, discuaier.

Since the associated production is dominant for high masgseexpected signal event signature of
the hadron-hadron channel consists of two highr’s in hadronic decay with two b-jets. Backgrounds
for this channel are 2-jet QCDY , W+jets and Z+jets events. The analysis uses event wegghihere
the two jets with the highegty are considered as candidates’, while b-tagging is used for all other jets,
where one of the two expected b-jets is requested to be taddmidg this method, background events
are not rejected by the requests on the number'sfind b-jets, but weighted accordingly, therefore
background rate estimates can also be given for channdisestitemely low acceptance, especially 2-jet
background from QCD and alsa . The 7 identification described in Sed. P.2 is used to derive the
7 acceptance factors for eachcandidate. The- identification is assumed to ke = 55% and the
corresponding jet rejection is used for the other jets. Tt bagging efficiency is here assumed being
e = 70%.

The following cuts have been applied:

e Two jets in the event withy > 100 GeV and|n| < 2.5 (7 candidates);
e No lepton (eu) with pr > 10 GeV;

e Not more than 4 jets ify)| < 3.2 with p7 > 20 GeV;,

e at least one b-jet tagged ;
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Fig. 12: Level-1 trigger input acceptance for Signal ,; = 450, 600 and 800 GeV: total acceptance by all Jetatribgers
(OR), and acceptances of each separate trigger.

o PS> 65 GeV;

e A¢ betweenr candidates in145° — 175°;

e transverse mass cutir < 50 GeV (minimum ofmr (71, pi$) andmy (72, piss));

e M., inthe windowma + AM (AM = 1.50,,_ ).

Some cuts lower the acceptance of signal events significagpecially the)*s* cut and b-tagging,
however, those cuts are necessary to suppress the bacgroamnels efficiently. The acceptance of the
analysis cuts forn =800 GeV is~ 0.6% and the total background is 5.4 events, with dominance of
tt (2.2 events) followed by Z (0.8 events) and 2-jet QCD backgebin 30fb~! [[151].

Figure [1B shows the distribution efi,., after the cuts (except the mass cut) for the events at
ma=800 GeV fortan3=50 and for the main backgrounds normalized to the expeatedt @umber for
an integrated luminosity of 3.

In Fig. [14 the reconstructed.. is shown form =600 GeV intheA — 77 — hadron — hadron full
simulated events, after the-’¢* > 50 GeV andA¢ < 165° cutoffs.

The combined acceptance of the Level-1 trigger and offlimdyars for the hadron-hadron channel
have been studied. The acceptance after all cuts for evaating the trigger conditions are evaluated
to be92.5%, 95.6% and95.3% respectively forn =450, 600 and 800 GeV. Especially for highy, the
acceptance is very good due to the similarity of the kineormatts used in the Level-1 trigger and offline
analysis; both require large valuesi}*** and jetst's with high py-.

2.5 Combinations of the lepton-hadron and the hadron-hadra channels in ATLAS

For higher mass values, the results from the lepton-hadndrfram the hadron-hadron channels can be
combined to improve the signal significance.

In Table[1, the discoversun3 values (giving a & significance) are reported for the two channels
separately and combined. The extended discovery contotiisggiven in Fig[1b in thean logarith-
mic scale and with a lineann3 scale in Fig[16.

3. CMS Results



76

[ N [ Entries 906

L [ Mean 590.8

25 50 - MA=600 GeV had—had RMS 69.99
r 3 UDFLW 373.0

m :800 GeV A/H [ ATLAS full sim OVFLW 0.000

[ A [ X/ndf 2124 / 25
2 tanp=50 40|~ PT> 50 Gev Constant 51.01
r r Mean 590.1

[ Ap <165 deg Sigma 64.52

30 -

20 -

05 —

I S ) P
0 200 400 600 800 1000 1200 200 300 400 500 600 700 800 900 1000

m_ (GeV) Rec tau—tau mass pt, Deltaphi cuts

Fig. 13: Reconstructeth, in the hadron-hadron channelFig. 14: Reconstructeeh- for signal events withn =600
after the analysis cuts fon,=800 GeV fortanB=50 and GeV in the hadron-hadron channel in full ATLAS detector
for the tt and Z backgrounds assuming an integrated lumsimulation.

nosity of 30fb~?.

Table 1: Discoveryan values in ATLAS (% confidence).

m4 (GeV) | lepton-hadron| hadron-hadron combined
450 20.7 22.1 19.0
600 32.9 30.0 25.2
800 50.0 45.0 41.4
g 4 o
8 v had/hads 8 45
30 3 I
N & > | 0 ATLAS
e combined % Ldt=30 5"
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Fig. 15: Discovery contour curves for theFig. 16: Discovery contour curves for the
A/H — 77 channel in the #ua,tanB) plane in AT- A/H — 77 channel in the iua,tanB) plane in AT-
LAS for an integrated luminosity of 3B~ 1. LAS for an integrated luminosity of 3t ~'shown using a

linear scale fotang.
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31 A H— 717 — 27 jetsin CMS

A, H — 77 with 2 7 jet hadronic final states have been shown to extend significmehNsUSY Higgs
discovery reach into the large mass (600 - 800 GeV) rangdl.[Te2exploit fully the2 7 jet final states

- especially in the low A 200 GeV) mass range - an efficient hadronitrigger has been developed
based on Level-1 calorimeter selection, Level-2 electgmetic calorimeter isolatior [163] and a Level-
3 tracking (isolation) using only the pixel detector infation [164].

Level-1 calorimeter single or double Tau trigger with tiasls of 80 and 65 GeV fof. = 2 x
1033em 257! selectsA, H — 77 — 27-jet events useful for off-line analysis with an efficiencly o
about 0.9 while giving an output QCD background rate of algokitiz. A further reduction of the QCD
background rate by a factes 10° is possible at the High Level trigger path (Level-2 calorieneand
Level-3 Pixels) with an efficiency of 40% for the signal atr; = 200 and 500 Ge\[[1§5] as one can
see in Figurd 17. Even better performance is expected uségegional tracking option of the CMS
High Level trigger once the CPU performance is proven to kisfaatory.

For the off-liner identification the tracker information is used. The fastudation of the CMS
detector [135] is used to study the signal to backgroundsafrhe track reconstruction efficiency eval-
uated with full simulation of CMS tracker is included as adtion of p; andn for the track. Ther jet
candidate £; > 60 GeV) is required to contain a harg (>40 GeV) charged track withih R < 0.1
around the calorimeter jet axis. Around this leading track cone ofA R < 0.03 two other tracks with
p: > 1 GeV are accepted to include the 3-prandecays. This narrow cone with one or three hard tracks
is required to be isolated demanding that no track wijth> 1 GeV is found in the surrounding larger
cone of AR < 0.4. The efficiency for thig selection is 7.2% form 4 = 200 GeV and 34% fom 4 =
500 GeV. Accepting the 3-prong decays in the narrow conA Bf < 0.03 increases the event rate for
A, H — 77 — 2 7 jets in the high mass rangei 4 = 500 GeV) by~ 1.7 but also degrade significantly
the QCD rejection factor for hard QCD jets. Figlir¢ 18 shovesréjection factor against the QCD jets for
the 1/3 prong selection a function &} jet compared to the one prong selection with one hard-40
GeV) charged track withil\ R(jet, track) < 0.1. Optimization is still needed for the low mass range
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for more efficient selection mainly by increasing the sizéhefnarrow cone.

A further suppression can be obtained exploiting thifetime using ar vertex reconstruction
or impact parameter measurement or a combination of thermullAifnulation study indicates that an
additional rejection factor of 5 against the 3-prong QCD jets and an efficiency-0f0% for ther jets
can be obtained with vertex reconstructior] [157]. Promising results are aldaiakd from the impact
parameter method in the channklH — 77 — ¢/~ + X using full simulation combining the impact
parameter measurements for the two leptons frodecays to reduce the backgrounds with — (v
andZ — (¢ decays [166].
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Fig. 18: Rejection factor against the QCD jets as a functiofig. 19: Reconstructed Higgs mass &t H — 77 —
of E7¢* for the 1 and 1/3 prong selection. 2 7 jets with mz = 500 GeV.

The resolution of the reconstructed Higgs mass and even swtle mass reconstruction effi-
ciency inA, H — 77 events is very sensitive to thg"**> measurement. The absolute value/&§Fiss
is relatively small in these events making the mass reaactstn and background reduction with a cut
in Efmiss a difficult task. Figurd 19 shows the Higgs mass reconstduaiiéh full simulation forbbA,
A — 77 — 27 jets with m 4 =500 GeV andan3= 20 [I68]. The resolution of the reconstructed Higgs
mass is 14.5% fom 4 = 200 GeV and 14.9% fom 4 = 500 GeV and the corresponding reconstruction
efficiencies are 37% and 36%, respectively (includikg < 175° cut and requiring positive neutrino
energies). This confirms the earlier results of the fast kitimn study [16P].

The largeZ, ~* — 77 background can be reduced efficiently only with b-tagginthamassociated
production processds Hgrsy. The associated b-jets are soft and uniformly distributesr p)| < 2.5.
Nevertheless, a study with full simulation shows that adgiag efficiency of~ 34% per jet can be
obtained for the signal events with a mistagging rate leas %6 forZ + jets events[[16§]. Requiring
one tagged b-jet reduces efficiently also the QCD backgrahug improving significantly the signal
visibility. Figure [2) shows the signal for; = 500 GeV andian3 = 25 superimposed on the total
background with b-tagging. The missing transverse enéig{’* plays a major role in the Higgs mass
reconstruction as discussed above. However, a ci/it** does not improve significantly the mass
resolution and therefore, in order to retain the signalsttes, is not used in this study. Figyrg 21 shows
the expected discovery reach for for 36! assuming a maximal stop mixing scenafio] [7Q, 79]. The
expectations for other important MSSM Higgs discovery clesin CMS [17P] and the exclusion region
from LEPII [4] are also shown in the figure. The H — 77 channels are found to be insensitive for
stop mixing, the SUSY scale and for the sign of the Higgsines@arameter for high enoughtan
(2 10). A systematic study of the, H — 77 with £7¢~, lepton + 7 jet and2 7 jet final states
is presently in progress in CMS including full simulationtbe hadronicr trigger, 7 identification, r
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tagging with impact parameter and vertex reconstructioiggél mass reconstruction and b-tagging in
the associated production channels.
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Fig. 20: Higgs mass foH — 77 — 2 7 jets with my  Fig. 21: Expected & discovery reach for the MSSM Higgs
= 500 GeV andan(=25 superimposed on the total back-bosons in CMS in the maximal mixing scenario forf30!
ground for 30fb~*. One tagged b-jet is required. as a function ofn 4 andtan. The shaded area is excluded

by LEP 4.
4. Conclusions

The LHC discovery potential foh /H — 77 has been studied in ATLAS and CMS in the three different
final decay channels at low luminosity0¢? cm=2s~1) in them, range from~100 GeV until~1 TeV.

¢ atlower masses{~500 GeV), the lepton-lepton and lepton-hadron channels haen studied in
both experiments; the lepton-hadron gives the best sétsiffo study the hadron-hadron channel
also in the lower mass range, CMS is developing an efficieditdmac ~ trigger (Level-1 + High
Level trigger).

e at higher masses, for largen values thed production is dominated bigb A. In this mass
range the hadron-hadron channel can be studied becauspossible to reject the huge QCD
background with kinematical cuts amejet identification. The trigger is a very important point fo
this purely hadronic channel and it has been studied in tloeetyperiments. The lepton-hadron
channel has been also studied in ATLAS in the high region giving promising results; the
combination of the hadron-hadron and lepton-hadron chammgroves the discovery potential.

The expected &-discovery contour curves for the combinddH — 77 signal show that a signal should
be observed over a large region of thex,tan () plane, withm s up to~ 1 TeV assuming an integrated
luminosity of 30fb—!.

At high mp (~0.5~1 TeV) theA/H — 77 channel should be observable fam 3 values greater
than~ 25. This is an important result because th&1 — 77 channel is up to now the only one giving
access to this higha region.

Studies are still in progress, both on the experimental anithe theoretical sides, to improve the
results presented here.
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F. Searching for Higgs Bosons intt H Production
V. Drollinger

Abstract

Higgs boson production in association withpairs with the subsequent de-
cay intol*vqgbbbb is analyzed including all relevant background processes.
Excellentb-tagging performance and a good mass resolution turn ouéto b
the most important components for a successful analysis tdj Yukawa
coupling can be determined with an accuracy of about 17%ismpfocess,
provided the branching ratio df — bb is known with a sufficient accuracy.
Finally, a first estimate of the potential size of higher ordarrections to the
ttbb background is given.

1. Introduction

If the Higgs boson is lighter than 13BeV/c?, it decays mainly to &b pair. To observe the Higgs boson
at the LHC, thett HY channel turns out to be the most promising channel among igpgsHbroduction
channels withi7® — bb decay [17]L]. In this study, we discuss the chahBI® — [*vqgbbbb (Figure[l),
where the Higgs Boson decaystig one top quark decays hadronically and the second one leptiyn
The relevant signal and background cross sections at the ((J3;, = 14 T'eV') and particle masses
used in the simulation are listed in Tajlg 1.. This is the fiettof signal and background processes

Table 1: CompHEPl@Z] cross sections for signal and background aeldor thett H® — 1% 1qgbbbb channel, calculated with
parton density function CTEQ72]. The branching ratfate semileptonic decay mode (oHé* decays to quarks the
otherW¥ decays leptonically, where only decays to electrons or muwa taken into account) is 29% (not included in the
cross sections of this table) and;,+ = 80.3427GeV/c?.

LO cross sections masses
oo X BRyo 45 = 1.09-0.320b | myo = 100 -130GeV/c?
O4i70 = 0.65pb | my = 91.187GeV/c?
T1ivh = 3.28pb | my = 4.62GeV/c?
O4ijj = 507pb | my = 175GeV/c?

completely calculated at LO for théH° channel. The hard processes are generated with CompHEP and
then interfaced to PYTHIA, where the fragmentation and baidation are performed [92]f [7j00]. The
combined package CompHEP-interface-PYTHIA includes edltdires of a pure PYTHIA simulation,
such as initial sate radiation, final state radiation, mldtinteractions and underlying event. After the
final state has been obtained, the CMS detector responsauaged, with track and jet reconstruction
with parametrisations FATSIM [1}5] and CMSJHT [[L35], ohtag in this way tracks, jets, leptons (the
electron or muon reconstruction efficiency is assumed to(8;aus are not considered here) and
missing transverse energy. These parametrisations havediained from detailed simulations based
on GEANT.

2. Reconstruction

From Figurg]l we expect to find events with one isolated leptussing transverse energdy;® and six
jets (fourb-jets and two norb-jets), but initial and final state radiation are sourcesdufitonal jets. So
the number of jets per event is typically higher than six. @& ¢ther hand, not all six quarks of the
hard process can be always recognised as individual jeeiddtector, in which case it is impossible to
reconstruct the event correctly - even if there are six orenjets.
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Fig. 1: Example of ayp — ttH® — [*uqqbbbb signal event. The LO process is drawn in red. HO events iechldon
radiation (light green) in addition. The expected finalestainsists of one isolated lepton, missing transverse grferg b-jets
and two (or more) nob-jets.

For the reconstruction of resonances it is necessary tgratisen jets of an event to the cor-
responding quarks of the hard process. In general, andiignorformation onb-jets, the number of
possible combination/ is given in Tabld]2 as a function of the number of jets per evéve obtain
N for the case, when the masses of the Higgs boson, both togsgaad the hadronically decaying W
boson are reconstructed. The nominal mass of the leptgnidataying W boson, together with7'
and the lepton four momentum, is used to calculate two swigtof the longitudinal momentum of the
neutrinopz(v) which is needed for the mass reconstruction of the leptépidacaying top.

Table 2:Number of jets per event and the corresponding number of possible combinatiéngf there are more than a dozen
jets, only the twelve with highedir are considered.

N:(g)xﬁ!x%x%XQ:(g)x%O

6 7 8 9 10 11 12
360 2520 10080 30240 75600 166320 332640

n
N

Good mass resolution and the identificationbgéts is essential to reduce the number of wrong
combinations in the event reconstruction. A good massuésal can be obtained when the energy and
direction of each reconstructed jet agree as closely ashp@sgith the quantities of the corresponding
parent quark. This can be achieved with jet corrections asrited in [176] and[[117]. Fdr-tagging
we use thé-probability functions which depend on impact parametérsacks and leptons inside the
jets. They are determined usingsix jet events, as described [n [171]. The identificatioh-f#fts is even
more important for efficient background suppression.

Figure[P shows the invariant mass distributions of the rettanted resonances@ii® — 1*vqgbbbb
events in the case of an ideal reconstruction: after thesgeetion” and the calculation of;(v) (see
later on) each quark of the hard process is matched withlgxawt jet, the closest one iR = /¢2 + 1?2
if AR(q,j) < 0.3 and if the jet energy is closer than30 % to the parent quark energy. The mean val-
ues and widths of the top and W mass distributions are usedftoedlikelihood functions used in the
selection procedure described in the following.

© Preselection
Events are selected if there is an isolated leptoh @r u* with pr > 10 GeV/c within the tracker
acceptance; no other track with > 1 GeV/c in a cone of 0.2 around the lepton) and at least six jets
(Er > 20GeV ,|n| < 2.5).
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Fig. 2: Invariant resonance masses of the® — 1*vqgbbbb signal: Higgs boson, leptonic top, hadronic top and hadroni
W=. The leptonidV* is not reconstructed but its nominal mass is used to catspidtv). The generated masses arej;o =
115GeV/c?, my = 175GeV/c? andmy,+ = 80.3427GeV /.

¢ Event Configuration
In order to be able to reconstruct the Higgs mass, we haveddHacorrect event configuration among
all possible combinations listed in Taljlle 2. The best coméition is defined as the one which gives the
highest value of an event likelihood functidiy (1) which taleto account-tagging of four jets, antb-
tagging of the two jets supposed to come from the hadrbiiie, mass reconstruction 6#* and the
two top quarks, and sorting of tliget energies.

LEVNT = H Pb(bz‘) X H [1 _ Pb((h')] « H 6—0_5><[mi0—imi]2

i=1,4 i=1,2 i=W*tt

x f[Ey(t,t) — Ey(H®)] (1)

¢ Jet Combinations
Events with more than six jets can contain gluon jets froml fitete radiation, which are not yet used
in the analysis. The combination of these jets with the @brgeark jets can improve the event recon-
struction further. The additional jets are combined witl tiecay products of both top quarks if they
are closer thal\ R(4, j) < 1.7, if the corresponding mass is closer to the expected\al&igurg P. If
there are still jets left, they are considered as Higgs dpoagucts and are combined with the closest of
the corresponding twb+jets, if AR(j,j) < 0.4.

¢ Event Selection
Three likelihood functions: for resonances_ RESO > 0.05), b-tagging C_BTAG > 0.50), and
kinematics {_KINFE > 0.2) are used to reduce the fraction of background eventsll¥;ithe events
are counted in a mass window around the expected Higgs mak$pg,,(j,j) inm + 1.90 ; m ando
are obtained from mass distributions as shown in Fifjure B vétious generated Higgs masses).

The overall efficiency for a triggered event to be finally stad is 1.3% forttH® (m o = 115
GeV/c?), 0.2% forttZ°, 0.4% for ttbb and 0.003% foriZjj events. This shows that the reducible
background is reduced very effectively. In addition, thisrdittle combinatorial background left (see
Figure[3) with this reconstruction method.
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Fig. 3: Simulated invariant mass distribution of signal (dark gfthah ;0 = 115GeV/c?) plus background fof.;,; = 30
fb~1. The dashed curve is obtained from the fit of the backgrounhlowt signal, the solid line describes the fit of signal plus
background. The small dashed line corresponds to the L(gbagkd contribution.

3. SM Results

After the whole reconstruction and event selection prooedtiturns out that the irreducible background
(with four realb-jets) is dominant. Even thi¢;jj background, where only twiejets from the top decays
are generated in the hard process, is dominated by evertgouit realb-jets. This is possible after the
fragmentation of PYTHIA: e.ggg — ttgg — [Trqgbbgbb with onebb pair coming fromg — bb (gluon
splitting). In this case the final state consists of ninegregtor leptons which is one more than expected
at LO and is therefore considered as HO (in this case NLO)gssacTogether with the number @b
events (considered as LO) we obtain an intrinsic k-facigy, k= 1.9 for allt¢qq events as indicated in
Figure[B. (For the fulln o = 115GeV/c? selection we get 23 events fromibb” and 20 events from
“ttj7" with four real b-jets plus 6 events with two real and two fals¢éags. The total number for the
non resonant background amounts to 49 events, whereasrteemanding number from the PYTHI#&
process with additional jets from fragmentation is only 2drés.) In case of thg H signal additionab-
jets from fragmentation cannot enhance the signal, bueraibmplicate the reconstruction of the correct
invariant mass, the Higgs mass, in the end.

The signal to background rati§/ B, the significanceS/+/B for L;,; = 30 fb~, the integrated
luminosity L;,; required for a significance of five or more and the precisiorihentop Higgs Yukawa
couplingy; for L;,; = 30 fb—! are shown in Figurfl 4 as a function of the generated Higgs:n$id3s
is around 50% and an relatively low integrated luminositgufficient to discover the Higgs boson in
this channel with a significance above five. An integratedihasity L;,,; = 100 f6~! would be enough
to explore all points considered in FigUfe 4 up to a Higgs nedss80 GeV/c?. If we assume a known
branching fraction of the decalf® — bb, it is possible to determine the precisiongfwith accuracy
of about 17%. Apart from these results, the Higgs mass caretegrdined from the Gaussian fit of the
final mass distribution (see Figufle 3) with a precision ofdrethan 6% forL;,,; = 30 fb~*.

4. Conclusions

From our present understanding, it is experimentally fbss$d observe the HO — 1*1v¢gbbbb channel.
Most important for a successful analysis are excelidagging performance and a good mass resolution.
The effects of event pile up still have to be investigated.

From theoretical point of view, the first complete LO simidathas been performed for signal and
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on CompHEP cross sections calculated at LO; from the fragatien with PYTHIA an intrinsic k-factor j,; = 1.9 forttqg
background events is included.

background. After the K-factor for the signal has been dated (see Ref.[[$1]), the main uncertainty
in this channel is background cross section at HO, becaud@stiestimate gives a factor of almost two.
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A Comparison of t£bb Events

Table 3: CompHEP (ISR and FSR included) PYTHIA (default) panison ofttbb background: the cross sections do not
include any branching fractions (all decays are allowed) fduir b-quarks are required to be withjn| < 2.5 and additional
theb-quarks of the top decays have to satisfy(btop) > 15 GeV/c. Thepr(bg.,) cut for bothb-quarks not coming from the
top decay is varied.

| pr Cuts | CompHEP | PYTHIA [ CompHEP /PYTHIA|
pr(bg) > 15GeV/c | 0 =2407fb | o = 2927 fb 0.82
pr(bgu) >30GeV/c | 0 =1123fb | o = 1189fb 0.94
pr(bg) >50GeV/c | 0 =512fb | 0 =431fb 1.19
pr(bg) >100GeV/c | 0 =116fb | o =53 fb 2.19
pr(bgu) >200GeV/c | 0=13fb | o=2fb 6.73
pr(bg) >300GeV/c | o =3 fb oc=0fb —
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G. Studies of Charged Higgs Boson Signals for the Tevatron ahthe LHC

K.A. Assamagan, M. Bisset, Y. Coadou, A.K.Datta, A. DeandkeDjouadi, M. Guchait, Y. Mambrini,
F. Moortgat and S. Moretti

Abstract

Two Higgs doublet models are a viable extension to the Stdridadel (SM)
and can be incorporated into supersymmetry (SUSY). In suctiets, elec-
troweak symmetry breaking leads to five Higgs particlessghmeutral and a
charged pair. We discuss various analyzes of the chargegkHigson, carried
out in the context of the Minimal Supersymmetric extensiéthe Standard
Model (MSSM) and also in models with singlet neutrinos ig&extra dimen-
sions. Specific studies for the Large Hadron Collider (LHQQ ¢he Tevatron
are presented.

1. Introduction

The Higgs sector of the MSSM contains five physical states afiwhich are chargedd*, and the other
three are neutrah, H°, and A°) [B,[L78]. Searches for the charged Higgs boson have beeadaut

at LEP and at the Tevatron: at LEP 2, a lower bound of 78.6 Gevblegn set on the charged Higgs
boson mass independent of tHe- — 7+, branching ratio (BR)[[179]. At the Tevatron, CDF and D@
performed direct and indirect searches for the chargeddtiggon, and excluded the low and high 3
regions up to~ 160 GeV [[180].

The sensitivity of the ATLAS and CMS detectors at the LHC te tliscovery of the charged
Higgs boson has been investigated in defal] [1]L, 12]. Sontbesfe studies have been carried out as
particle-level event generation in PYTHIA, HERWIG and ISAJ[L0Q[1811}182], a{/s = 14 TeV, with
the detector resolutions and efficiencies parameteriz&TirtFAST [[[38] and in CMSJET[[135] from
the full detector simulations. Some of the LHC studies asstimt the mass scale of supersymmetric
partners of ordinary matter is above the charged Higgs bosss so that charged Higgs boson decays
into supersymmetric partners are forbidden. The main prtholu processes considered in these studies
are the gluon fusion mechanisgy — tbH* and the2 — 2 procesgyb — tH* shown in Figurd]l. A
central value of 175 GeV is used for the top-quark mass. ThaydehanneH* — 7+, has been stud-

g9 —> tH*b gb —>tH*

Fig. 1: The charged Higgs boson production at the LHC througithe 3 processgg — tbH™ and the2 — 2
processgb — tH*. The inclusive cross section is the sum of both contribigtiafier the subtraction of the
common terms.
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ied extensively for ATLAS form g+ < my, and the signal appears as an excessleptons [188]. The
channelH* — WhY is only relevant in a tiny range of MSSM parameter space atjhat constitutes a
unique test for MSSM and may be sensitive to the singlet siterto MSSM, i.e., NMSSM184, 1B5].
H* — tband H* — 7%, are the dominant decay channels of the charged Higgs bosmosh of
the parameter space. In tii&" — tb channel, upwards of 5-discovery can be achieved above the
top-quark mass in the low and highn /3 regions up to~400 GeV [18p]. H* — 7%u, extends the
discovery reach to high Higgs boson masses and to loavef values in the highan 3 region as seen in
Figure[R. However, in the lowan 3 region, ther*v.. channel offers no sensitivity for the charged Higgs
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Fig. 2: The ATLAS 5+ discovery contour of the charged Higgs boson for an integratminosity of 300 fo'!
(left plot); the CMS 5¢ discovery contour of the MSSM Higgs bosons for 100 flof luminosity (right plot).
Below the top-quark mass, the charged Higgs boson is praduom top decay and the* v, channel provides
coverage for mostan 5 below~160 GeV. Above the top-quark mass, tthechannel covers the low and the high
tan 3 regions while the-* v, channel extends the discovery reach to high Higgs boson amas® lowerttan 3 in
the hightan ( region.

boson discovery as thE#* — v, branching vanishe§ [IB7]. Further studies are needed t&r toe
remaining areas of the &-discovery contour of Figurlg 2:

e The lack of sensitivity in the intermediaten g region is due to the fact that the charged Higgs
boson coupling to SM fermions is proportional to

H™ (my cot Btby, + my tan ftbg), 1)

the square of which goes through a minimumzat 5 = /m;/m;. The studies of charged Higgs
boson production from SUSY cascades and charged Higgs lofesays to SUSY particles might
help cover this region.

e The gap in then 4 axis aroundn 4 = 160 GeV corresponds to the transition region where, for the
correct description of the charged Higgs boson productimhdiecay mechanisms, it is mandatory
to use the production procegg — tbH* which includes not onlyg — ¢ with t — bH®, but
also the Higgs-strahlung mechanism and the relative eventes[[188].

e The discovery reach could be extended to high Higgs bososesdny studying the procegg —
tbH* with H* — tb and tagging all the four b-jets in the spectrm [189].

Recent studies which attempt to cover these remaining megid the parameter space are presented
along with the observability of charged Higgs boson sigtralsiodels with singlet neutrinos in large
extra dimensions and the prospects for the determinatidineotharged Higgs boson mass and 5 at

the LHC.
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2. H* Mass andtan 3 Determination at the LHC

In this section, we discuss the expected precisions on #get Higgs boson mass atith 5 measure-
ments at the LHC — above the top-quark mass — inkite — 7+v, and H* — tb channels. Details
of this analysis can be found ip [190].

2.1 Motivation

The detection of a charged Higgs boson signal would comstén irrefutable proof for physics beyond
the SM. The subsequent determination of the charged Higgerbparameters such as the mass, the
decay width, the spin, the rates in the various decay chammel the couplings to SM and SUSY patrticles
will be necessary not only to establish that the observetitpais indeed consistent with a charged scalar
boson but also to identify the actual scenario that is redliZThe measurements of the charged Higgs
boson mass anichn 5 will be essential to the determination of the charged Higusoh properties.

2.2 H* Mass Determination inH* — 7%+,

This channel does not offer the possibility for the obséovaetf a resonance peak above the background,
only the transverse Higgs boson mass can be reconstruataddeeof the neutrino in the final state. The
background comes from single top*t, andtz productions with on&/’+ — 7*u_. Thus, the transverse
mass is kinematically constrained to be less tharitifemass while in the signal the upper bound is the
charged Higgs boson mass. Furthermore, the distributibosesprong hadronic decays ot’s,

N ¥y, (11.1%) 2

™ = af(—= 500 (9.0%),

are sensitive to the polarization state of théepton [I91L[I92]. In fact, it is to be noted that the spin
state ofr*'s coming from H*- and W *-boson decays are opposite (neglecting leptonic masstgffec
as we did here). This is true for the case of one-prong decdgsbbth7*’s and longitudinal vector
mesons, while the transverse component of the latter dibiie effect and must be somehow eliminated
by requiring that 80% of the-jet (transverse) energy is carried away by ties, i.e.:

ot

p
pr

R= > 0.8. 3)
Ultimately, the polarization effect leads to a significgritarder momentum distribution of charged pions
from 7-decays for theH*-signal compared to th& *-background, which can then be exploited to
increase the signal-to-background ratios and the siggaifgiances [187,193]. Indeed the background
is relatively small as shown in Figufe 3 where the transverass

my = \/ (1 — cos Ag), @)

is reconstructed from the visiblejet and the missing energy. As a result, although there resonance
peak in this channel, the charged Higgs boson mass can betextfrom the transverse mass distribution
with a relatively good precision. For the mass determimatichis channel, we use the likelihood method
described in[[194], which we summarize as follows:

e Suppose we wish to estimate the expected preci&ion on a Higgs boson reference mass.
We generate samples of events with charged Higgs boson snagse- mg + k£ x dm and for
eachm;, we calculate the probability density functidf,(m) from the reconstructed transverse
mass distribution of a charged Higgs boson with masgs For example, for a charged Higgs

boson reference mass, = 250 GeV, we generate signal events at charged Higgs boson masses

my = 230, 235, 240, 245, 250, 255, 260, 265 and 270 GeV.
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Fig. 3: The reconstruction of the transverse charged Higgs bos@s madl+ — 7+, for my= = 250 and
500 GeV. The background is relatively small in this channihe discovery reach is limited to higlan g but
extended to higher mass compared totthehannel.

e AssumingN, is the expected number of events — signal and background +esmonding to
the reference mass,, we draw randomlyN = N, + § Ny massesn; from each distribution
P(m) (0Ny is the statistical error oVy). For eachmy, we calculate the likelihood function
Ly = Eff:l log(Py(m;)). The differences\L;, = Ly — L}, show a minimum aroundh, where
a parabolic fit is performed to get the actual expected value® This exercise can be repeated
many times within the statistical erréN, and the distribution of the expected values, so obtained,
of mg would be a Gaussian whose mean is the reconstructed masshasd standard deviation
is the statistical precision on the reconstructed mass.

e Three main sources of systematic uncertainties are indludéhe mass determination: the shape
of the background, the background rate and the energy s@dle.background shape becomes
more significant at lower Higgs boson masses where there ie meerlap between signal and
background. To include this effect, we assumed a lineaatian of the background shape, from
—10% to +10% between the minimum and the maximum of the transverse mnissguation.
Another source of systematic uncertainty is the rate of dekfprounds. It is expected that the
background ratel{’ *t andtf) could be known to 5%[[194]. Therefore, to take this effe¢bin
account, we increase the background rate by 5% while at the e we decrease the signal by
5%. Finally, we also include the scale uncertainty: 1% fos gnd 0.1% for photons, electrons
and muons. The overall precisions on the charged Higgs bosss determination, including the
systematic uncertainties, are shown in Tdble 1 and Figure 4.

2.3 HT Mass Determination in H* — tb

In the tb channel, the full invariant mass can be reconstructed @dthahis channel suffers from the ir-
reduciblettb background and the signal combinatorial backgroulnd] [186¢ determination of the mass
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can be done using the likelihood method described above bttimg the signal and the background. In
the latter case, one assumes that the background shape ramaination can be determined by fitting
outside the signal region, thus, the systematic unceigaimclude only the scale uncertainty. We as-
sume a Gaussian shape for the signal and an exponentiakfbattkground and fit signabackground
including the statistical fluctuations and the scale umder. Both methods are in agreement on the
mass determination. The results are shown in Tgble 1 andefigu

Table 1: The overall precisions on the mass determinatiemetter in the- channel than in theb channel. This is due to the
fact that the latter suffers from largéb and signal combinatorial background £ 100 fb™1).

my+ (GeV) H* — 7%y, H* — tb

<m> dm <m> om
225.9 2259 29 2269 1.8
271.1 271.0 39 2701 101
317.8 319.7 59 320.2 11.3
365.4 3649 81 3654 121
4135 4148 80 4174 17.6
462.1 460.7 10.6 4659 24.1
510.9 511.4 15.7

2.4 Determination oftan 3

tan 3 can be obtained by measuring the signal rate insthe, channel where the backgrounds are
relatively low. The main systematic error would come frore #¥mowledge of the luminosity, whose
uncertainty is taken conservatively to be 10%. The errothi fate measurement can be estimated

as [19%]

A BR S+ B ALN?

(o x ) _ +2 4 (2E) )
o X BR S L

whereS and B are the numbers of signal and background events respgctivet uncertainty oman 4
is computed as

Atan ~ Ao x BR) [M} h

6
dtan 3 ©)
The production cross-section fgb — ¢t H* and the branching ratio df* — 7*v, above the top-quark
mass can be written respectively Bs [2]

o(gb — tH*) oc m? cot? § + m2 tan? 3, (7)
and
m2 tan? 3
3(m7 cot? B + m7 tan? §) + m2 tan? 5’

BR(H* — 1%v,) ~ (8)

Using the relationg[]7) anl](8), the rate in thev, channel at largean 3 is obtained as:
o X BR  tan? . 9

From the Equationg}(6) anf (9), we get
Atanf _ 1A(c x BR)
tanf 2 ox BR

The expected uncertainties i 3 determination from the measurement of the rate inife— 7+ v
channel are shown in Tabfe 2 and FigLire 4.

(10)
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Table 2: The overall precisions aan 3 determination in thed* — 7%, channel forZ = 30, 100 and 300 fb!, and for
my+ = 250 GeV.

tan 3 Atan 3/ tan 3 (%)
30fb-! 100fo~! 300 fb!

20 154 10.6 7.4

25 12.2 8.7 6.5

30 10.5 7.7 6.1

35 9.1 7.0 5.7

40 8.4 6.6 5.6

45 7.7 6.6 55

50 7.3 6.1 54
> 5 CT T T T 7,310 [T T T T L — T T ]
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Fig. 4: The expected overall precision on the charged Higgs bosas arad onan § measurements, as a function
of the charged Higgs boson mass (left plot) aad 5 (right plot) respectively. For the mass determination, the
H* — r*1_ channel gives better precisions thAi+ — tb except at lown = . In addition, H+ — 7+, allows

for the determination ofan 3 by measuring the rate in this channel.

2.5 Conclusions

In ther* v, channel, there is no resonance peak, only the transverseismasonstructed. A likelihood
method is used to estimate the expected precisions on the messurements. The systematic effects
include the background shape, the background rate and érgyescale. The overall relative precision
in this channel ranges from 1.3%mat;+ = 226 GeV to 3.1% atny+ = 511 GeV for an integrated
luminosity of 100 fo!. At 300 fb~!, the precision improves to 0.8% at;+ = 226 GeV and 1.8% at
mpy+ = 511 GeV.

Thetb channel offers a resonance peak with a large backgroundtfioamd the signal combinato-
rial. It is possible to use the likelihood method for the mastermination in this channel. Alternatively,
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a fit of the signal and background can be performed provided#tkground shape and normalization
can be determined by fitting outside the signal region. Refuam both methods are in agreement. The
relative precision in this channel ranges from 0.8%mat: = 226 GeV t0 5.2% ainy+ = 462 GeV for
100 fb~!. For 300 flo !, the precision improves to: 0.5% at 226 GeV and 3.5% at 462 GeV

In either channel, the overall uncertainties are dominhiethe statistical errors. Thes channel
offers better precisions on the charged Higgs boson massndieation than theb channel, except at
low m 5+ where ther*v, channel suffers from a much reduced cut efficiency.

tan § can be measured in tHé* — 7*v, channel (by measuring the rate) where the background
is relatively low and the discovery reach is extended to nigisses compared #* — tb. Assuming a
10% uncertainty on the luminosity, the relative precisiortan 3 ranges from 15.4 to 7.3% faan 5 =
20 to 50, at low luminosity. For an integrated luminosity of 380!, the precision improves to: 7.4% at
tan 8 = 20 to 5.4% attan 5 = 50.

3. H?* Boson in the Threshold Region

In this section, we discuss charged Higgs boson analyzdgithteshold region, i.e., fon + ~ my,
taking into account the correct description of the charg&mysiboson production and decay mechanism
in this region.

3.1 Motivation

In the MSSM, the LEP 2 limits on the mass of the lightest Higgsdm convert directly (sed][2])
into a lower bound on the charged Higgs boson mass (at lddstwaan 3, say, around 3)m§{i ~
m,. +m3, 2 (140 GeV)? [194]. Whereas the charged Higgs boson mass region juseahiswvalue

is theoretically well understood, the description of thecatied (top) ‘threshold regionm g+ ~ mq,
requires careful considerations when it comeg#té production and decay in the context of a Monte
Carlo (MC) simulation, as explained below. The main proguctode ofH* scalars with mass strictly
below the top-quark mass, ;= < my, is the decay of the top (anti)quarks themselves, the latter
ing produced via QCD in the annihilation of gluon-gluon andak-antiquark pairs. So far, standard
MC programs, such as PYTHIA, HERWIG and ISAJHT [[/00,]{81]]182ve accounted for this pro-
cess through the usual procedure of factorizing the pramuechode,gg, g — tt, times the decay one,
t — bH~, in the so-called Narrow Width Approximation (NWA). Howeythis description fails to cor-
rectly account for the production and decay phenomenoldgharged Higgs bosons when their mass
approaches or exceeds that of the top-quark, hence undegntire ability of experimental analyzes in
pinning down the real nature of these particles (if not de@igachem altogether).

This is particularly a pressing issue at the Tevatron Rup&8]j1las the collider reach im
dips precisely into the threshold regioh J198]. Here, the abthe2 — 3 hard scattering process
99,qq — tbH~ [[[99], in place of the ‘factorization’ procedurg J200], isandatory, as one can clearly
see from Figurf]5 where the discrepancies in the shape anmtipation come from the Higgs-strahlung
mechanism and the relative interferences as mentioneérearl

Also differential distributions can strongly be affectgddm approximated modeling of the produc-
tion and decay process in the threshold region, as one caecgie from Figurg]6. Here, differences
are clearly sizeable also for the top quark. However, in thise one should expect the impact to be
marginal, as this particle is actually unstable and sinc¢hitee-body decay products are subject to the
effect of usual detector resolution uncertainties. In stt this is no longer true for the bottom quark,
which fragments directly into hadrons. Besides, the aludita of the newly implanted silicon vertex
detector may render the taggingiefiuarks a crucial ingredient in detection strategies ofgdd Higgs
bosons at Run 2, pretty much along the same lines as estbksihe LHC[189].
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Fig. 5: Cross section fogg, ¢ — tbH~ andgg, q7 — tt — tbH~ in NWA, at the Tevatron with/s = 2 TeV, as
a function ofm g+ for a representative value edn 3 (the kinematical effects discussed are the same irrespecti
of the latter). Hereafter, charge conjugated rates areyahveluded. Besides, both top and bottom quark masses
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is used for the Parton Distribution Functions (PDFs), withlen -+ .
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Fig. 6: Transverse momentum distributions of the final state quiarks, ¢ — tbH ~ (solid) andgg, qg — tt —

tbH~ (dashed) in NWA, at Tevatron witky/s = 2 TeV, for my= = 170 GeV. Again, the actualan 3 value is
irrelevant.

3.2 Analysis

If one looks at the most promising (and cleanest) chargedydHlgpson decay channel, i.¢1* —
7*v, [R07], while reconstructing the accompanying top quarkrbaitally, the prospects of detection
are rather good. This is made clear in Taple 3. Even if oneecegthe tagging of the-quarks in the
final state, the final results are very different between ttigofocess and the NWA. In Tabjé 3, we have
reported the signal and dominant (irreducible) backgroratds (that is, fronyg, qg — tbWW~ + c.c.
events, yielding the same final state as the signal) aftefiotlosving sequence of cuts:

1. Tau-jets are selected if they satisfy the critepia:>15 GeV andn™| < 2.5.
2. We requirep;, > 20 GeV, since the presence of neutrinos frém decays and invisible decay
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products ofr’s (mainly 7%’s) implies that a significant fraction of the transverse neotam goes
undetected.

3. Quark-jets are selected by imposizﬂgg > 20 GeV andn’| < 2.5. We require at least one of these
to be tagged as &zjet.

4. We demand that two un-tagged jets have an invariant mass@uny +, €.9.,|mqg — my+| <
10 GeV and that thé-jet in combination with the other two un-tagged jets pragkian invariant
mass close tan,, e.9.,|mpeg — me| < 15 GeV.

5. We require that the reconstructed transverse mass, iEqu@), be above th&/’=-boson mass:
mp > my+ ~ 80 GeV.

The 7's can be tagged as narrow jets in their ‘one-prong’ hadrdeitay modes — see the rela-
tions (2) — which represent 90% of the hadronic decay rateafodt 50% of the total. This distinguish-
ing feature is in contrast to the typical appearance of quamnkl gluon-jets, which yield ‘multi-prong’
hadronic topologies in the detectors, typical of QCD backgds of the forniV* + jets and Z° + jets.

Table 3: The signal rates (in fb) for the proces§,gg — tbH~(— 7~ 7,), at Tevatron with,/s = 2 TeV,
for representative values of ;= andtan 3, after all cuts described in the text. The corresponding odtthe
backgroundis 0.22 fb independentof; + .

myg+ (GeV)| /tanf— 3 6 40

150 6 3 52
160 28 15 22
170 4 025 35
175 A3 .08 142
180 .067 .061 1.09

3.3 Conclusions

In the end, despite the fact that one should more realitieaipect both signal and background rates
to be further reduced by a factor of 4 or seiflentification efficiencies are estimated to be of order
50% [202], similarly for the tagging of arlyjet [[L9§]), the final message that emerges is that the csance
of extracting thed* — 7% v, signal after 15 fo! of luminosity at the Tevatron Run 2 are rather good
for my+ up to 180 GeV or so at largenn 3, while being negligible at low to intermediaten 5 values.
Conclusions would obviously be drastically different i tNWA scenario, if one recalls Figufg 5.

The situation can be improved even further by taking adggnta ther polarization effects as
explained above. In this respect, the enforcement of thetaint [3) reduces the background by a
factor of 5, while costing to the signal only a modest — in canigon — 50% suppression (for any
charged Higgs boson mass in the usual interval between XBQ¥NGeV).

Although we have relied here on a parton-level analysis déar that its main features would
remain valid even in presence of fragmentation/hadroiizatffects. In fact, work is currently ongoing
in order to include the latter, as well as a more realistiecter simulation, to emulate the real potential
of the Tevatron experiments, by exploiting the mentiofed- 3 description of theH* production
dynamics and the spin correlationsrifdecays, as they are now both available in version[6.4 [20Bj0
HERWIG event generator (the latter also through an interfacTAUOLA [B3)).

The problematic is very similar at the LHC, if anything momplicated. In fact, at the CERN
hadron collider, the abov& — 3 reaction is dominated by thgj-initiated subprocesses, rather than by
qq annihilation, as is the case at the Tevatron. This meansatpatential problem of double counting
arises in the simulation abH — + c.c. events at the LHC, if one considers that Higgs-strajkan also
be emulated through ttie— 2 processg — tH~ + c.c. The difference between the two descriptions is
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Fig. 7: Cross section foyg, q¢ — tbH~; gg,qq — tt — tbH~ with finite top-quark widthpg — tH~ and the
combination of the first and the last, at the LHC wiifs = 14 TeV, as a function ofny+ for a representative
value oftan 5.

well understood, and a prescription exists for combinirgyttho, through the subtraction of a common
logarithmic term: see Ref§ [20A—207]. Figlite 7 summarizethe discussed issues in the context of
the LHC. The2 — 3 process is available in HERWIG and detailed simulationshefrt-v, channel at

the CERN hadron collider are now possible also for the tholglstegion, as already done for other mass

intervals [T85FI87, 190, 196, 306].

4. H* Boson in Large Extra Dimensions

In this section, we discuss the LHC sensitivity to the chdrgkggs boson discovery in the channel
H~ — 7, vin models with singlet neutrinos in large extra dimensidfise observation of such a signal
would provide a distinctive evidence for these models sincéne standard two Higgs doublet model
type Il, H~ — 7; v is completely suppressed. Details of this analysis can trecfin [209].

4.1 Motivation

In models where extra dimensions open up at the TeV scald] smarino masses can be generated
without implementing the seesaw mechani$m][210]. Theseetaqubstulate the existence dfaddi-
tional spatial dimensions of sizR where gravity and perhaps other fields freely propagateenthi
SM degrees of freedom are confined to (3+1)-dimensional (#&l) of the higher dimensional space.
The true scale of gravity, or fundamental Planck sddle of the @ + §)D space time is related to the
reduced 4D Planck scale p;, by M2, = ROM?*2, whereMp, = 2.4 x 10'® GeV is related to the usual
Planck mass.2 x 10'? GeV = /87 Mp;. Since no experimental deviations from Newtonian graviey a
observed at distances above 0.2 nim]211], the extra dimensinist be at the sub-millimeter level with
M, as low as few TeV and > 2.

The right handed neutrino can be interpreted as a singlatneitquantum numbers to constrain it
to the SM brane and thus, it can propagate into the extra diimes just like gravity[[§6]. Such singlet
states in the bulk couple to the SM states on the brane ashégiited neutrinos with small couplings
— the Yukawa couplings of the bulk fields are suppressed bydheme of the extra dimensions. The
interactions between the bulk neutrino and the wall fieldsegate Dirac mass:p terms between the
wall fields and all the Kaluza-Klein modes of the bulk neudrin

A M,
= — ’U’
V2 Mpy

mp

(11)
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where ) is a dimensionless constant. The mixing between the ligintastrino with massnp and the
heavier neutrinos introduces a correctiynto the Dirac mass such that the physical neutrino mass
ism, = mp/N, where

|| <M«R

mDR 2
Ne~l4 ) = : (12)

71 is a vector withd integer components counting the number of states and thmation is taken over
the Kaluza-Klein states up to the fundamental sddle The sum over the different Kaluza-Klein states
can be approximately replaced by a continuous integrafisrshown in Tabl¢]4, small neutrino masses,
m,, can be obtained consistent with atmospheric neutrindlations [212]. The spectrum of many

Table 4: The parameters used in the current analysis of the signhlthét corresponding polarization asymmetry.
In general,H~ would decay tor; and7,, H~ — 7,7 + 7 9, depending on the asymmetry. For the decay
H~ — 1,7 (as in MSSM), the asymmetry is1. The signal to be studied 8~ — 7, 1.

M, (TeV) 6,,6 mpg+ (GeV) tanG Arr m, (eV)

Sig.-1 2 4,4 219.9 30 ~1 051073
Sig.-2 20 3,3 365.4 45 ~1 0.05
Sig.-3 1 5,6 506.2 4 ~1 0.05
Sig.-4 100 6,6 250.2 35 ~—-1 0.005
Sig.-5 10 4,5 350.0 20 ~ -1 0.04
Sig.-6 50 5,5 450.0 25 ~ -1 0.04

extensions of the SM includes a charged Higgs boson stateowsder as a prototype of these models
the 2-Higgs Doublet Model of type Il (2HDM-I)H ~ decays to the right handed™ through ther
Yukawa coupling:H~ — 7. The H™ decay to left handed™ is completely suppressed in MSSM.
However, in the scenario of singlet neutrinos in large erimensions,H~ can decay to both right
handed and left handed™ depending on the parameteVs,, mp, d, my+ andtan 3, due to the large
number of Kaluza-Klein states of the right handed bulk neatrd ~ — 7, + 7, 1), wherey is a bulk
neutrino and is dominantly a light neutrino with a small admixture of thaliza-Klein modes of the
ordermpR/|n|. The measurement of the polarization asymmetry

'H™ =71 ¢)-T(H™ — 7'1517)
I'H- =1 ¢)+D(H- — 150)

LR = (13)
can be used to distinguish between the ordinary 2HDM-II dedstcenario of singlet neutrinos in large
extra dimensions.

The singlet neutrino may propagate into a subsé€b, < §) of thed additional spatial dimensions,
in which case the formalism for the generation of small Diraatrino masses is merely a generalization

of the case, = ¢ [R13].

The charged Higgs boson decay to right handeli ~ — 7 v has been extensively studied for the
LHC [[L9Q[19B]. Here we discuss the possibility to obsefe — 7, v atthe LHC above the top-quark
mass. Tabl§]4 shows the parameters selected for the cunaysis. The cases where the asymmetry is
+1 are discussed in details. We assume a heavy SUSY spectrbirmaitimal stop mixing. The present
analysis is conducted in the framework of PYTHIA6.1 and ARNST [[L00,[13B], and the Higgs boson
masses and couplings are calculated to 1-loop with Feyrsffast [214].
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4.2 Analysis

We consider the — 2 production process where the charged Higgs boson is prddwié a top-
quark, gb — tH* as shown in Figur§] 1. Further, we require the hadronic detakgieotop-quark,
t — Wb — j5b and the charged Higgs boson decay-ieptons. The major backgrounds are the single

Table 5:The expected rates & BR), for the signabb — tH* with H~ — 7,7 + 77 ¢ andt — jjb, and for the
backgroundsWt andtt with W~ — 77 v andW* — jj. We assume an inclusivé production cross section of
590 pb. Other cross sections are taken from PYTHIA 6.1 witlEQ%L parton distribution function. See Takﬂe 4
for the parameters used for Sig.-1, Sig.-2 and Sig.-3. Inasecolumns, we compare tié~ — 7, v branching
ratios in this model to the corresponding MSSM branchinigssfrom HDECAY [80].

Process ocx BR(pb) BR BR(MSSM)

Sig.-1 1.56 0.73 0.37

Sig.-2 0.15 1.0 0.15

Sig.-3 0.04 1.0 0.01
tt 84.11

gb — Wt (pr > 30 GeV) 47.56

top productioryb — Wt, andtt production with onéV* — j; and the othelV — — TL‘DEL Depending

on the polarization asymmetr§f ~ — 7, v will contribute as an additional background. In Talle 5, we
list the rates for the signal and for the backgrounds. Tharjmation of ther*-lepton is included in this
analysis through TAUOLA45]. We consider the hadronic gmeng decays of the*-lepton — see the
relations [) — which are believed to carry a better imprirthe 7+ polarization [I9L].

For the signal in MSSM, right handed,'s come from the charged Higgs boson decly, —

T v, While in the backgrounds, left handeg’s come from the decay of the’—(— 7, 7). Because

of the neutrino in the final state, only the transverse magsaton [}), can be reconstructed. In the
framework of large extra dimensions, we are interested/ in — 7, ¢» where the polarization of the
T-lepton would be identical to the background case but oppdeithe MSSM case. Therefore, the
polarization of ther-lepton would not help in suppressing the backgrounds. ftestess, there are

still some differences in the kinematics of the signal andhef backgrounds: the different transverse
mass bounds and the increasingly harcgt and missing transverse momenta as the Higgs boson mass
increases. The reconstructed transverse mass for the aighthe backgrounds are shown in Fig[jre 8

Table 6: The expected signal-to-background ratios and significaicedculated for an integrated luminosity of
100 fo~! (one experiment). See Tatﬂ}e 4 for the parameters used forlSkjg.-2 and Sig.-3. In all the cases
considered, the signal can be observed at the LHC with sigimifies in excess of ®at high luminosity.
Sig.-1 Sig.-2 Sig.-3
Signal events 41 215 16

tt 7 7 7
Wt 3 3 3
Total background 10 10 10
S/B 41 215 16
S/VB 13.0 68.0 5.1

and the expected signal-to-background ratios and thelssggréficances in Tablf] 6. The reconstruction

"There is no enhancement in the background rate from theilsation W~ — 7, 1.
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Fig. 8: The reconstructions of the transverse mass of the signaS8M, the signal in models with a singlet neu-
trino in large extra dimensions and of the backgrounds, fiantegrated luminosity of 100 fb'. The observation
of the signal in the transverse mass distribution would moguficient to identify the model: the™ polarization
effects must be explored further.

of the transverse mass is not enough to distinguish betvireell 8SM and the singlet neutrinos in large
extra dimensions. The differences in these two scenar®mbest seen in the distribution pT/ET—jEt,

the fraction of the energy carried by the charged track wiscthown in Figurg]9. In the MSSM, this
distribution peaks near 0 and 1 whileifi- — 7, + from large extra dimensions and in the backgrounds,
this distribution peaks in the center. The backgroundselatively very small, and as concluded[in [1L90,
f[93], the discovery reach is limited by the signal size ftsEherefore the observation of a signal in the
transverse mass distribution and in the distribution offthetion of the energy carried by the charged
track should help determine whether the scenario is MSSMbr n

4.3 Conclusions

We studied the observability of the chandél” — 7, v in models with a singlet neutrino in large extra
dimensions at the LHC. Although the observation of a signdhée transverse mass distribution can be
used to claim discovery of the charged Higgs boson, it isfiitéent to pin down the scenario that is
realized. Additionally, by reconstructing the fractiontb& energy carried by the charged track in the
one-prongr* decay, it is possible to claim whether the scenario is thénarg 2HDM or not. The
further measurement of the polarization asymmetry mighwige a distinctive evidence for models with
singlet neutrinos in large extra dimensions.
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Fig. 9: The distribution of the ratio of the charged pion track motnemin one prong- decay to ther-jet energy
formas = 350 GeV,tan 3 = 45, M, = 20 TeV,§ = 3 andm, = 0.05 eV, and for an integrated luminosity
of 100 fo~!. In the 2HDM-II, this ratio would peak near 0 and 1 as shownleviti other models, the actual
distribution of this ratio would depend on the polarizatasymmetry since both left and right handes would
contribute. In the case shown, the asymmetry is and the ratio peaks near the center of the distribution.

5. H* Decays into SUSY Particles

Thus far, all analyzes have implicitly assumed that the SW8W¥nterparts of ordinary particles had
masses much higher thaig;+. However, lowering the typical SUSY mass scale may indugeinter-
actions amongZ* bosons and several of the sparticles, so that the former majpibndantly produced
in the decay of the latter (e.g., from gluinos and squarks,[B23]) or, alternatively, new Higgs boson
decay channels into SUSY particles may well open at a prdditatte [2Ip]. We will defer the study of
the first scenario to sectidr] 6.. Here, we will investigatsame depth the second possibility, focusing
on the ‘intermediatetan S region (say, between 3 and 10) left uncovered by the SM detayels (see

Figure[2[9.

5.1 Motivation

It was demonstrated iff [2]L5] that the decays of a chargedsHiggon into a chargino and a neutralino
could probe regions of the MSSM parameter space where déas8#! particles, such ag or 7~ v,
yield no significant signal — see Figufe 2. In particulareimediate values afin 3 between~ 3 and
~ 10 were in part accessible viH* — yfggm} modes resulting in three lepton final states (where

leptons mean electrons or muons), a hadronically recastetiuop quark (frongg — btH~, gb — tH~

18Depending on the actual rate of the new SUSY decay channtis itbmplementaryan 3 areas (less than three or larger
than ten), some rescaling to the discovery reaches via thenBties of Figur(ﬂz may be needed. This will be addressed in

Ref. [227].
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and their charge conjugate production processes) plugasitiad missing transverse momentum (from
neutralino and chargino decays to the stable lightest alnr, i.e., the lightest supersymmetric particle
or LSP).

We refer to the charginos and neutralinos collectively a®st, which are the mass eigenstate
mixtures of the electroweak (EW) gauginos and higgsinos. eédfeand on the parton level analysis
of [13]: firstly, by studying the signal in a full event gea#r environment with an improved back-
ground analysis that includes potential MSSM backgrourmtgsses (the previous study considered
only SM backgrounds); secondly, by further investigatihg possible role of on-shell or off-shell slep-
tons (the supersymmetric partners of the leptons) in theaség As noted in the previous study, if there is
a light slepton, then the leptonic branching ratios (BRghefinos can be significantly enhanced (espe-
cially those ofx9, X3). Since both inos and sleptons play key roles in the sigradgss, a considerable
number of MSSM input parameters are relevant. We seek tatbisaexpanse of parameter space, at least
at the parton level, identifying parameter points or seviggoints that merit dedicated event generator
analyzes.

To correctly delineate the portions of parameter spacedaatpotentially yield viable signals,
it is necessary first to know where experimental constraintsoff otherwise favorable zones. LEP 2
experiments have yielded a number of bounds on MSSM pastaole parameters that impinge directly
on our preferred signal regions. Among these, the mostairace [21p]: the mass limit on the lighter
chargino, taken aBig: > 103 GeV (which allows for the possibility of a light sneutrinostgting in
negative interference from the then-significarghannel in chargino pair production); the mass limits
on the sleptons, taken as;, > 99.0GeV,m;, > 91.0GeV,mz > 85.0GeV andm; > 43.7GeV
(the last being from studies at ti# pole); and the regions excluded by searches for signalsedf/te
ete™ — Z%h andete” — Ah. For the numerical limits just given, it is assumed the)c(tic — My,

mg — Mmgo > 5GeV. The constraint from Higgs boson production is somewhgue owing tg an
estimated uncertainty in the expected mass of the light #liggson of2-3 GeV from un-calculated
higher order correctiong J2[L7] and up &d5eV from the error in the measurement of the top quark
mass;n; = 174.3 4+ 3.2 + 4.0 GeV [218]. A small shift in the light Higgs boson mass tratesainto a
substantial shift in the location of the bound seen intthes versusn 4 plane. Other LEP 2 limits which

generally should be less restrictive than those just meeti@re also incorporated into our analysis.

There are also other processes where charged Higgs bosohstéovhose mass that of tHé* is
closely tied) enter as virtual particles at the one-loogleVhese include neutral meson mixing{K°,
DD, or B°BY) [R19[220],2° — bb (Rp) [R20[221], and — sy decays[[219-2P2], the last of which,
where restrictions om ;= are linked to a number of MSSM variables, notably including masses of
the lighter chargino and the stops, is generally thoughetthb most constrainin§ [2P1]. This constraint
may well disqualify regions of the parameter space wheresmumal is strong and otherwise allowed;
however, the applicability of these low energy constraimtsnclear due to a variety of factors (sfe [215])
and thus they will not be included in this analysis (thoughdeehoose our stop parameters with an eye
towards attempting to evade potenfial> s~ bounds).

5.2 Parameter Space Exploration

We begin in Figurd 30 (top plot) with a look at the raw crosstisa for gg — btH~, gb — tH~ and
their charge conjugate production processes indhes vsm 4 plane. Other MSSM parameters are fixed
at the values noted in the figure caption. Here we correckly tato account the subtraction needed to
avoid double counting between the— 2 and the2 — 3 production processef [244, 205]. The charged
Higgs boson mass is calculated including radiative caestas contained in ISAJET [182] and the
CTEQA4L [1I97] structure function set is employed.

In Figure[1p (bottom plot), we fold in the BRs of a charged Higggson into an ino pair (restricted
here to eitheﬁﬁig or ;zf;zg) multiplied by the BR of the ino pair into a trio of charged teps ¢+ ¢~ ¢'+
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(recall that ¥” herein denotes either an electron or a muon), whemad ¢ may or may not be of the
same flavor. In calculating the leptonic BRs of the inos aliagivable decay chains are taken into

o(pp — XtbH: XtH) (fb)
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Fig. 10: (top plot) Raw cross-section (in fb) farg — btH~, gb — tH~ and their charge conjugate production
processes in thiean 3 versusm 4 plane. The proper subtraction factor to avoid double cogrtietween the — 2
and the2 — 3 production processes is included. (bottom plot) Expectadbver ofpp — XtbH*, XtH*T —
(t0=0'* + tevents pet00fb~! atthe LHC (with no cuts), assuming the charged Higgs bosoaydgntoy; 9
or Yix3. HereM, = 200 GeV andy = —115GeV. One-loop formulee as found ip [1$2, 28] are used toeelat
my+ toma. my = 175 GeV andm;, = 4.25 GeV. Other MSSM input parameters are; = 1 TeV for the first
two generationsy;, = 600GeV,m;, = 500GeV,m; = 800GeV, A, = 500GeV, 4, = 0; m; = 150 GeV,

soft

mg =my’" = 200GeV andA, = 0 for all three generations.

accourﬁ. The plot shows that, assuming an integrated luminosity06fb—!, hundreds to thousands
of events are expected fat 4, < 400GeV. The possibility of extracting the SUSY signal existsoas
the full range of allowedan 3 values and forn 4 (andm+) < 400 GeV provided the threshold for the
H* — ilii({]z?)} decay is exceeded. Higher valuestefi 6 andm 4 ~ 240 GeV are optimal choices
(quite different than when only the raw production rate iasidered). The region from the top of the
plot down to the dashed curve marked H#33'GeV’ is excluded by the LEP 2 limit on the chargino mass,

Including possible extra minor contributions arising wieemeutralino decays into;';fit (or aWw¥*) and one lepton and the
Qf then decays int&" along with the second lepton (8% * decays leptonically). These decay modes yield extra mastri
in addition to the final products of the main decay modes, botil be experimentally indistinguishable. Possible nsoslith
X3 — X9X are also taken into account.
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and the region below the dotted curve is excluded by Higgsrpsoduction. As shown on the plot, the
upper bound is fairly sensitive to thﬁﬁ limit; and thus in turn very dependent on the values chosen

for other MSSM parameters, in particular the higgsino ngxiarametey: and M,FY, which are chosen
to be favorable to our signal in the plot. Also, as mentiomethe previous section, the exact location of
the latter bound is fairly loose due to uncertainty in the snafthe light Higgs boson.

The expected number of events is shown again in FigJre 14 fithe in theM, versusy plane
with tan  fixed at8 andm 4 = 290 GeV (mpy+ ~ 300GeV). The shaded region is excluded by the
LEP 2 bound on the chargino mass. Again we see that hundreteusands of events are possible in
un-excluded regions of the parameter space; but it is alparept that small values ¢f| are strongly
preferred. This is a serious restriction which means thafptieferred and un-excluded signal region is
just beyond that region probed by LEP 2 (and thus also th@megkpected to be searched in the first
phase of a future™ e~ linear collider).

M, (GeV)

—100 100 150

U (GeV)

I
N
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o

Fig. 11: Expected number ofp — XtbH*, XtH* — (t¢—¢'* + t events ped00fb~' at the LHC (with no
cuts), seen in th@/, versusu plane. Herean § = 8 andm 4 = 290 GeV (my+ ~ 300 GeV). Other inputs as in

Figure[1.

Figure[IR shows contours for the raw number of three-lept@mts (£¢— ¢+ + piiss + ¢)
expected at the LHC fof/s = 14TeV and£ = 100fb~! in the M, versusm; plane before any

selection cuts are applied. The soft slepton mass specttied bymg = mfgft =m; + 50GeV
(soft slepton masses are assumed to be degenerate foeallgeneratlons thﬂg s are stlll kept equal

to zero) andu is set to—115GeV. All other inputs are as in the previous figures. The stiadgion

is excluded by LEP 2 limits oM+ (below) andm; (left)f]. We see that over a thousand events are
possible. The optimal spot (excluding the sliver regionam'$ng,M2) ~ (110.0 GeV, 195.5 GeV)
which boasts well over a thousand events.

M, and M, are thelU (1 )y and SU(2);, gaugino masses, respectively; Grand Unified Theories (¢ piEslict gaugino
unification andM, = 2 tan*@w M. ~ 0.5032 M. ~ 1 M., as will be assumed in all numerical calculations.

ZThere is a small * sllver of allowed parameter space thaeslithrough the excluded region to the left. This is where the
charged sleptons are only slightly more massive than the(tz8@n as withirb GeV) and thus can evade the LEP 2 searches.

Note though that then we expect to get soft leptons from #gteh decay and so our signal probably disappears here.
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Fig. 12: Expected number ofp — XtbH* XtH* — (t¢—¢'* + ¢ events ped00fb~! at the LHC (with no
cuts), seen in the/, versusm; - plane withy fixed at—115 GeV. Other inputs as in Figu@ll.

5.3 Analysis

Here, we will show how all SM backgrounds can be completetyaeed, leaving only MSSM processes
as irreducible backgrounds in thé+ pss + ¢ channel. The relevant SM noise is constituted/By°,
7970, bbZ°, tt, ttet e~ (consisting of bottt Z° andtt~y*, but not their interference}pW andtbW ¢+ ¢~
(again, viaZ® and~*) production and decay. As for the MSSM backgrounds, oneddsal with pair
production of sleptons, gauginos or squarks/gluinos arid méutral MSSM Higgs bosons produced in
association with heavy quark pairs (SM-likid production is found to merit attention while associated
production of the heavier neutral Higgs bosons is negkgibl

We simulated the inclusivél* — 31 signal and the MSSM backgrounds at the 5 points in the
intermediatetan 3 region of the MSSM parameter space listed in Table 7. Thegspaere chosen in
the favorable regions obtained in the previous sectionati&ase we have also chosep = 700 GeV,
mg = 1000GeV, m; = 800GeV, m; = 600GeV, m;, = 500GeV and4; = 500GeV. Rather
large gluino and squark masses are chosen to preclude kagged Higgs boson production rate from
MSSM cascade decayfs [223], thus leaving the ‘direct’ prtidnanodes of the previous section as the
only numerical relevant contributors at the LHC [P24]. $teys are chosen to be light in accordance
with the discussion in the last section.

Table 7: Simulated MSSM parameter points. All masses in GeV. The tewamber is the parton-level result

H* - X?X({)g 5 — 30X per100fb~". M, = 1M, is assumed.

Point tanf8 mpy+ I M, m; m; events
8 250 —115 200 120 170 1243
10 250 —115 200 120 170 1521
10 300 —115 200 120 170 1245
10 250  +130 210 125 175 1288
10 300 +130 210 125 175 1183

mooOw>»

HERWIG 6.3 [18]] is used to generate all hard procggsdsagmentation and showering, with
adoption of the default settingf [181]. The SUSY spectrurs walatained from ISASUSY 7.5¢ [182]

22An exception is theéty* process, which uses a set of separate subrou@s [225].
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through the ISAWIG interface [2P6]. The detector aspecteeveimulated using CMSJET 4.80 [135],
which contains a parameterized description of the CMS tlmteéesponse; however, since none of our
selection cuts depend strongly on unique performancerfaofahe CMS detector, we expect the analysis
here to roughly coincide with what the ATLAS detector enmiment would yield. The effects of pile-up
at high luminosity running of the LHC have not been included.

In order to distinguish between signal and background sy&me following selection criteria are
applied:

1. We require exactly three isolated leptorfs= e, u), with pr > 20, 7 and7GeV, respectively,
all within || < 2.4. The isolation criterion demands that there are no chargeticles with
pr > 1.5GeV in a cone of radiug® = 0.3 radians centered around each lepton track and that the
sum of the transverse energy in the ECAL (Electromagnetior®aeter of CMS) crystal towers
betweenR = 0.05 and R = 0.3 radians is smaller thahGeV.

2. We impose az°-veto, i.e., rejection of all di-lepton pairs with oppositiearge and same flavor that
have an invariant mass in the range, + 10 GeV.

3. We select only events with three or four jets, all with > 20 GeV and|n| < 4.5.

4. Among these jets, we look for the combination of three thatrapst probably coming from a top
decay, by minimizing the differencer;;; — m;, m;;; being the invariant mass of the three-jet
system. These three jets must havg; in the rangen; + 35GeV.

5. One of the jets must b&tagged (the signed significance of the transverse impaeinpeter must
beo(ip) = %ﬁ';’y > 2.5). The two other jets must have their invariant mags,, in the range
mw + 20GeV.

Thepr of the hardest lepton must be less tikarGe\f.

The transverse missing momentum is in the following intersaGeV < p, < 200 GeV.

Thepr of the hardest jet isc 180 GeV.

We exploit the ‘effective’ transverse mass of Ref. |215],itmposing

Mg = \/Qp%g]éT(l —cos A¢) < 140GeV

(wherep? is the three lepton transverse momentum Angithe azimuthal angle betwee#s’ and

Pr)-

10. In addition, the three-lepton invariant mass;,, must be< 120 GeV.

© 0N

In Table[B we summarize the signal and background events¢hzdin after applying these criteria,
assuming a luminosity afo0 fo~! and optimizing the selection using the, = 250 GeV signal. Due to
the aforementioned small mass differences in the ino sdefmons coming from the signal events will
often be soft, which explains much of the difference betwtdermnumbers in the ‘Bevents” column of
Table[B and those from the parton-level analysis in THblel@ai®y, it is vital to have a lowp threshold
for accepting leptons. Conservatively, here we have setdhiGeV for both electrons and muons.

Requiring three tightly isolated leptons in addition to diwmically reconstructed top quark allows
us to eliminate most of the SM background&® Z°, 7029 vbZ° as well as the initially largéf channel.
Thett¢*+¢~ background, resulting frontZ°, tt* andtth? production can easily mimic the signature
of the signal. However, after applying tt#’-veto, the previously dominarntZ° component of this
background becomes negligible compared to the intrinsiSM®ackgroundg]. Among the latter, the
channels that survive the selection are squark/gluino andigo pair-production (in which we include
X¢g too) as well as the associated production of a light Higg®basith att pair. In gaugino-gaugino
production, a gluon jet can fake one of the three jets fromdpedecay, but in the next stage of the top
reconstruction these events will always be rejected (sbiefB). On the other hand, squark/gluino and

BThis reflects the relatively small mass difference betwésenparent ino and the daughter ino (the latter is typicaley th
LSP).
%4The single-top counterparthiW ~¢+¢~, are sub-leading, as they amount te-&5% correction to the double-top rates.
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Table 8:Number of events after the cuts mentioned in the text at arlasiiy of 100 fb~*.

Process Bevents Z%-veto 3,4jets mjj; ~my Mjj ~ m&/ others
tt 847 622 90 30 0 0
tt2° 244 34 13 5 0 0
tty* 18 18 10 3 1 0
tth 66 52 33 9 3 1
o 5007 4430 475 112 2 0
XX 8674 7047 1203 365 19 3
4§ 37955 29484 3507 487 100 0
tH™ (point A) 251 241 80 23 6 5
tH™ (point B) 321 298 118 42 13 9
tH* (point C) 279 258 100 36 11 7
tH* (point D) 339 323 121 48 13 9
tH* (point E) 291 278 114 40 10 5

fIncludesh-tagging efficiency for the third jet

squark-gaugino background events that pass the top regctish cut are likely to have a real top in the
final state, or else &I/ * pair.

The events that pass the top reconstruction cut can begligghed from the signal by noticing
that MSSM cascade decays will typically produce hardeoleptmore and harder jets, as well as a larger
amount of missing, with respect to the signal. Also, one can further suppresse backgrounds by
putting an upper limit on the three lepton invariant mass amdhe mass made up from the of the
three leptons and thg,. In particular, these last two variables are very effedfitiee mass of the Higgs
boson is just above the chargino+neutralino threshold faem 4 ~ 250 GeV. For larger charged Higgs
boson masses, the leptpp cut-off increases and the discriminative power of thisalale is reduced.

5.4 Conclusions

The inability to cover the intermediaten  region by exploiting charged Higgs boson decays into SM
particles prompted us to carefully investigate the potémtifered by other channels. In SUSY models
such as the MSSM, itis natural to explore to this end the autgsns between charged Higgs bosons and
the inos. Assuming that squarks and gluinos are heavy ersgiat the production rates &f* states
via cascade decays of spatrticles are negligible, the obyitace to look is the decay of a charged Higgs
boson itself into a chargino-neutralino pair.

The limited XtH~ (and the charge conjugate) production rate precludes &tjga for large
values ofm+; however, form;+ < 300 GeV, a signal could well be observed above the background,
provided that: (1)u and M, are not much above the current LEP restrictions from inocbess; (2)
sleptons are sufficiently light. We are thus guided to a mgibparameter space where both the ino
and the Higgs boson spectra will be accessible at the LHCingdtika quite reasonable choice for initial
phenomenological studies. (A more refined analysis encesipga wider span of the MSSM parameter
space will be ready in due courde [p27].)

Before closing, we would like to remark on possible improess in our analysis. One such
improvement would be the inclusion of the leptonic decaytheftop, in which case one can look for
a signature with four leptons andbget in the final state[[228]. After applying a reasonable set of

BIn fact, it should be noted that both leptonic and hadroniaste of top quarks (and of inos) have been allowed in the gener
ated events of the present analysis, although the formeregligible impact because of the enforced top mass racotish
procedure.
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cuts on the lepton momenta, we find the SM noise can be corhpiiminated. Furthermore, rejecting
events with more than two jets and limiting th&"*** eliminate the background from squark/gluino pair
production. Ino (again, includingg) and slepton pair production as well as associated pramucti a
light neutral Higgs boson with a heavy quark pair then caoutgtithe principal backgrounds, though the
former are largely reduced by requiring oiéagged jet.

Another extension under development is the study of chakjgds boson decays including the
higher ino mass eigenstaté@i andy9) for my+ 2 300GeV. For the highest mass inos, the number
of possible decay chains ending in the LSP can quickly multipuch decay modes may have preferred
regions of parameter space foand M, quite different from the cases presented here.

Although limited to some restricted region of parametercspave have managed with our present
analysis to cover some portion of the elusive intermediate3 region in the MSSM; and we regard our
results thus far as encouraging enough to look further hrded more exotic charged Higgs boson decay

modes [227].

6. H* from SUSY Cascade Decays at the LHC

In this section, we analyze the cascade decays of the sasaksgand gluinos of the MSSM, which are
abundantly produced at the LHC, into heavier charginos autralinos which then decay into the lighter
ones and charged Higgs particles. We show that these deaaysage substantial branching fractions.
The production rates of these Higgs bosons can be much ldrgerthose from the direct production
mechanisms, in particular for intermediate valuesaof 3. An event generator analysis shows that the
detection ofH* bosons produced through this mechanism is possible.

6.1 Motivation

As previously recalled, for massesy+ > my, the two production mechanisms with potentially sizeable
cross sections at the LHC are the— 3 and2 — 2 processes — shown in Figuie 1 — which have to
be properly combined to avoid double countifig [2044207}weleer, the cross sections are rather small:
even for the extreme valuesn 5 = 2 and40, they hardly reach the level of a picobarn for a charged
Higgs boson mass.;;= = 200 GeV. For intermediate values tfn 5 and/or largefZ+ masses, the cross
sections are too small for these processes to be usefulngtance, fotan 5 = 10, the cross section is
below the level of a few femtobarn fon ;= = 250 GeV. The other mechanisms féf* production at
hadron colliders give even smaller cross sectins| [20§, 224

In a recent paper, Refl J223], it has been shown that thergdgentially large source of thE+
bosons of the MSSM at the LHC: the cascade decays of squadkglaimos, which are abundantly
produced inpp collisions, thanks to their strong interactions. Theseagkgiand gluinos can decay into
the heavy charginos and neutralinos and if enough phase &pacailable, the latter particles could then
decay into the lighter charginos/neutralinos, @hl bosons, with substantial branching ratios.

In this section, we summarize the production/dt particles through these cascade decays at the
LHC and describe a Monte Carlo simulation which shows thede¢Hfinal states can be possibly detected
in some regions of the MSSM parameter space.

6.2 H* Bosons from Cascade Decays in the MSSM

At the LHC the total squark and gluino production cross sects o(G + g) ~ 110 (3) pb formg ~

mg ~ 0.5 (1) TeV leading to a largey 3 - 107 to 10%, number of events with an accumulated luminosity
of £ ~ 300 fb~!. These squarks and gluinos can decay into the heavy charghtbneutralinos(zi, 3
and ! with significant branching fractions, a few ten percent. Hbegh phase space is available, the
latter particles could then decay into the lighter chargdneutralinosxf, x?Y andxY, and H* bosons,
with branching ratios of the order of a few ten percent, agaitkey point here, is that the coupling of
the Higgs bosons to chargino and neutralino states is mafamhiggsino—gaugino mixed states [229],
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while the gauge boson couplings to neutralinos are maxiorahifggsino—like states. In the gaugino—
like or higgsino—like regions, this results into the dormica of the decays of the heavier charginos and
neutralinos into the lighter ones and Higgs bosons compartte same decays with gauge boson final
states.

The total number of charged Higgs particles produced atndeoéthe chain
PP — 39,4339 — Xa, X3 X1+ X = xi o0 X + H + X (14)

could be rather large (of the order of a few 10.000 to a fewd@Devents for the high—luminosity option)
in favorable regions of the parameter space. The integestid important point to note is that the rate
of H* production does not depend very crucially @m 3 unlike in the other mechanisms mentioned
above — Note also thaf * bosons could be searched for, if kinematically possibléhéndirect decays
of heavy third generation squarks into their lighter pandrar in direct gluino three—body decays. This is
illustrated below, in two scenarii with the intermediatéuestan 6 = 10 and where the universality of the
gaugino masses has been assumed at the GUT scale, leadiagdtation\V, ~ 20, ~ Ms3/3 ~ mg/3

at the weak scale.
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Fig. 13: Cross sections times branching ratios for gluinesagling into squarks and squarks decaying through casaades
H* bosons as functions dff> with 1 = 150 GeV andtan 3 = 10. mg = 900 GeV andmg = 3Mo.

Scenario 1 (Figur¢ 113): Here gluinos (with; = 3M>) are heavier than squarksf = 900
GeV) and thereforgg — gq occurs 100% of the time. The higgsino mass parameter hasdhesen
to be small,u = 150 GeV, so that all squarks — in particular those of the first twoerations — will
mainly decay into the heavier charginos and neutralinoghvhare gaugino like with masses, - ~
myo ~ 2m N Ms. For large enoughl/,, there is then enough phase space for the decay of the

heavier gauginos into the lighter higgsino states, withsaas: N AL I LY B ||, and H*

bosons to occur. For smalll; values, the state§3 4 andy; are not heavy enough for the decays into
H* bosons to occur, in particular for large . When these decays are allowedx BR(— H¥)
values of the order of 1 pb fahy+ ~ 180 GeV and 0.3 pb formg+ ~ 300 GeV can be reached.
For increasing values adff,, the gluino mass increases and the cross sections for atsbeiquark and
gluino and gluino pair production drop andx BR(— H™) decreases accordingly; at some stage, only
the cross section for squark production survivesbeing fixed. The decrease @fx BR(— H™) with
increasingMs is also due to the more suppressed phase spaapierq’xgt, qx} since for largeMs,
My, m, = ~ M. For even largeV/> values,M; 2 650 GeV, the channet — H*x{ opens up, and
since the phase space is more favorable, becayse~ M3/2, 0 x BR(— H¥) increases again.

Scenario 2 (Figurg 14): Here the scalar partners of lightlguare heavier than stops which are
heavier than gluinosyng = 1.2mg with mz ~ 3M> = 800 GeV. Gluinos will decay mainly into three—
body final states mediated by the exchange of top squarkswhlaiee a smaller virtuality. Note that the
cross sections for squark and gluino production are conatahthe variation of x BR(H*) is only due
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Fig. 14: Cross sections times branching ratios for squagksiying into gluinos with the gluinos decaying through edes
into H* bosons, as as functions pffor tan 8 = 10. m; = 800 GeV andm; = 1.2m;.

to the variation of the branching ratios BR— x3 44, X3 ¢¢') and BRx3 4, x5 — xi HT,x},H*).
One sees that x BR(H¥) is relatively large for small values ¢f andm -+, when the gaugino-like
heavyy states are light enough for the decays— XlinE andX2i — X?,QHi to occur. In the mixed
region,u ~ Ms, the mass difference between the heavy and liglstates are too small to allow for
decays inif* bosons. For large values pf o x BR(H*) increases to reach values of the order.d. 1
pb for mpy+ ~ 200 GeV (in particular when the additional channgf$ — Xfﬁﬁ open up) before it
drops out because of the gradually closing phase spacedaieitaysy — q(ng 4 qqlxzi.

Thus, large samples ¢ * bosons can be produced in these SUSY cascade decays. |githesre
of my+ andtan 8 values that we are interested in, the dominant decay mod#watharged Higgs
bosons are[[8¢, 2B~ — tb (~ 90% sufficiently above theb threshold) followed byH ™ — 7Fu.,

(~ 10%). In the simulation which we present below, we will focus be tatter decays which are easier
to detect in the jet environment of the LHC.

6.3 An Event Generator Analysis

Selecting the one-prong hadronic decays of these tau leptidnallow us to exploit the tau polarization
effects in our analysis. Therefore, the signatur&éfbosons produced in SUSY cascade decays consists
of one hardr—jet plus additional hard jets (oftérjets) accompanied by a large amount of missing energy
due to the presence of the lightest neutralinos and theinesitr

The main SM processes leading to the same signature areitqurduction,pp — tt, with one
top decaying hadronically and the other one decaying légaty, and QCDIV* + jets production with
W+ — 7%u.. As we will argue below, these SM backgrounds can be effigiesnippressed. However,
a more difficult task will be to distinguish thE* signal from other SUSY cascade decay processes. As
was discussed above, all squark and gluino production lided will end up in lightest neutralinos and
fermions through cascade decays via gauginos and slefieants in which these fermions are taus will
mimic the signal. Hence, a good understanding of the nafitfteeese SUSY backgrounds will be needed
prior to a search for charged Higgs bosons in cascade decays.

We performed a Monte Carlo simulation of the production aigmd the main backgrounds for the
following scenario:m g+ = 200 GeV, tan 8 = 10, u = 450 GeV, My = 2M; = 200 GeV, m; = 800
GeV,m; = 1.2mg andm; = 300 GeV. The signal and background events were generated withHP
6.152 [10pP]. To account for the tau polarization, PYTHIA viaterfaced with the TAUOLA[[45] pack-
age. The detector aspects were simulated using CMSJET HL88], which contains a parameterized
description of the CMS detector response. The effects efpp at high luminosity running of the LHC
have not been included. The features that will allow to degiish thel * signal from the SM and SUSY
backgrounds are summarized below.
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Fig. 15: Normalized distribution ofZ7*** (left) and normalized&r distribution of the hardest jet in the event
(right) for thett background (green-light dashed line), the SUSY cascadegbaund (blue—medium line) and the
charged Higgs signal (red—dark line).

In the left-hand panel of Figue]15, tigiss distribution, normalized to the number of events,
is shown for thett background, the SUSY cascade background and the chargeg Hason signal.
Demanding a very larg&iss in the events allows us to eliminate thebackground. Also part of the
SUSY cascade background can be suppressed relative togtie due to a slight excess of missing
energy in cascade decays including charged Higgs bosomsilaBy, making a hard requirement on
the Ep of the hardest jet in the event will help in the backgroun@cgpn. In the right-hand panel of
Fig.[1, thisE distribution is shown and it is clear that the SM processesbeeefficiently suppressed.

After eliminating the SM backgrounds, the more difficultkasmains to discriminate th&l*
bosons from the other particles in the SUSY cascade decayeptons in the cascade backgrounds
originate from charginos and neutralinos in the intermted&ate. In our scenario, charginos decay
predominantly intd?* bosons and neutralinos in&’ bosons. Taus coming from these particles will
typically have a softer spectrum than the ones coming fro®0a&eV charged Higgs boson. Therefore
we impose a lower limit on the transverse energy oftket, E;*jet > 120 GeV, which is well above
the mass of théV* and Z° bosons. As an upper limit oE;’jet, we chose the mass of the charged
Higgs boson.

The significant presence ®F*’s in the SUSY cascade background also needs to exploit the ta
polarization effects[[191] explained in sectiph 2.: by stiey events in which the fraction of thejet
transverse momentum carried by the charged pion is largeSttH8Y background involving/’* bosons
can be suppressed relative to the signal. The tau leptohe ineckground coming from eithérand Z°
decays or MSSM neutral Higgs boson (in particuthand A) decays cannot be suppressed this way.

These considerations lead us to the following selectioteriai in order to distinguish between
signal and background events:

i) The transverse missing ener@y*** in the event should be larger than 300 GeV.

i1) The hardest jet in the event should have > 400 GeV.

i7i) Events with more than five jets are rejected.

iv) We require exactly one hadronically decaying tau (1-pramg)ve demand a narrow jet within
In| < 2.5 which should contain a hard charged track with > 5 GeV in a cone oAR = 0.15 radians
around the calorimeter jet axis, and it should be isolatedno charged tracks withy > 2 GeV are
allowed in a cone oA R = 0.4 radians around the axis.
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v) The E7 of the7-jet, defined as thé&'r reconstructed in a cone df R = 0.4 radians around the
jet axis, should be in the interval20 GeV < E}*Jet < 200GeV.

vi) More than 80% of the-jet transverse energy should be carried by the chargekt tsee the
requirement[{3) in section|2..

Events that satisfy conditions)@nd ¢:) can be efficiently triggered on using the jet and missing
energy triggers. If the above selection criteria are applige obtain the following numbers for an
integrated luminosity of 100 fb': 17 events for theZ* boson signal and 21 events for the SUSY
cascade background, while thebackground is completely suppressed. This results in afisignce
S/+/B of 3.5, meaning that acsobservation off* bosons produced in SUSY cascade decays could be
made with about 2 years of high luminosity data of the LHCuasag the above physics scenario and
provided the SUSY background processes are well understood

6.4 Conclusions

We have shown that charged Higgs boson production from dasiecays of strongly interacting SUSY
particles can occur with large rates, in favorable domafrth® MSSM parameter space. This is true,
in particular for intermediate values ofn 8 where the standard production processes are disfavored
because of the smallness of the ¢tb Yukawa coupling. We have shown that the SM background to
the cascade production can be efficiently suppressed. Bgitig the characteristics of thejet in the

final state, the/7* signal can be made visible above the other SUSY cascadesiecay

Our strategy to distinguish thE* bosons from other cascade processes depends on prior knowl-
edge of the properties of the SUSY background. Thereforerdany reasonable search for charged
Higgs bosons in cascade decays can take place, the gerteral oESUSY cascade decays should be suf-
ficiently understood in order to select the kinematical@agn which the signal is enhanced with respect
to the SUSY background. Due to the complexity of the sigratand the dependence on calorimetric
energy resolutions, these results would need to be confiopedmore detailed simulation. However,
our current findings point towards the conclusion that tlegists a potential for observing charged Higgs
bosons produced in SUSY cascade decays at the LHC, providetbture of the SUSY background is
well understood.

A similar analysis, dealing with the production of the naliHiggs particles of the MSSM through
the cascade decays of squarks and gluinos is under[wdy [231].

7. Summary

We have investigated the feasibility of detecting variogsatures of the charged Higgs boson in order
to provide a complete coverage féf*+ searches in upcoming experiments at the Tevatron and at the
LHC.

In the threshold region, i.e., fon+ ~ my, thegg — tbH* process has been used to correctly
account for the* production and decay phenomenology in this region of paranspace instead of
the usual narrow width approximation. It is found that a #igant charged Higgs boson signal can
be extracted in the chann&l* — 7%y after an integrated luminosity of 15 b at the Tevatron
Run 2 while the factorization approach used in the narrov agiproximation would not predict such a
favorable signal. The case of the LHC, which is further caogpéd by the potential problem of double
counting when calculating the inclusive cross sectionuisently being studied.

In models with singlet neutrinos in large extra dimensiohs proces$/ ~ — 7, 1+c.c. — which
is completely suppressed in the 2HDM — can be enhanced tharike large number of Kaluza-Klein
states of the right handed bulk neutrino. Such a signal cavbberved at the LHC with significances
exceeding 55. However, in order to identify the scenario that is realiggdDM-II or large extra dimen-
sions) both the transverse charged Higgs mass and theofraaftithe energy carried away by charged
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tracks in the one-prong decays must be reconstructed. Further evidence for larga dkmensions
would come the measurement of the polarization asymmetry.

In the intermediatean § region, the charged Higgs boson decays to SM particles dyialot
any significant discovery potential. To cover this regiorthaf parameter space, charged Higgs decays
into chargino-neutralino pairs have been studied. It isaestrated that, by searching for a three-lepton
final state with a top quark and a large missing energy resuftom thegg — tbH*+ where the charged
Higgs decays tc)zlixg or ;zli;(g a significant charged Higgs signal could be extracted f@rimediate
tan 8 values andng+ < 300 GeV. Further analysis is in progress aiming to extend theicme to

higher charged Higgs boson masses.

A significant source of charged Higgs boson production iscezade decays of SUSY particles
(squarks and gluinos) also sensitive to the intermediates region where, as previously mentioned, the
SM charged Higgs boson productions and decays yield nowsg@otential. The subsequent decay of
the charged Higgs boson into thdepton has been studied taking advantage of the polasizatifects
in the 7-jet final state. It is determined that a significant chargégghkl boson signal can be observed
through these cascade decays of SUSY particles provideslldi®ey background is well understood.

The charged Higgs boson mass can be determinddin— tb and H* — 7%u, where the
precisions range from 0.5% at200 GeV to 1.8% at- 500 GeV for an integrated luminosity of 300th
By measuring the rate di* — 7., tan 5 can be determined with precisions ranging from 7.4% at
tan 8 = 20 to 5.4% attan 3 = 50 for an integrated luminosity of 300 f3 and assuming a 10%
uncertainty on the luminosity.

The studies discussed here are the necessary continudtwevious work and in the process,
reveal the enormous potential of the charged Higgs boson:

¢ To understand the structure of the Higgs sector through ébermhination ofn g+ andtan 5 and
to probe the decoupling limit of the MSSM, thus distinguighbetween the SM and the MSSM,
particularly in theH* — 7%v, channel. Indeed, the scope of the parameter space covetkis by
channel is comparable to the reach of théd — 77 channel in the neutral Higgs sector.

e To provide evidence — or not — of large extra dimensions, ttistence of which, especially at
the electroweak scale, would constitute the solution ttitstanding hierarchy problem.

e To explore the SUSY particle arena and thus providing varigsignatures whose detection will
constitute evidence of the existence of these exotic fastic
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