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ABSTRACT fermions, each generation identical except for mass: the ori-
This note summarizes the various physics studies done for?r'uré of this structure, and the breaking of generational symme-

LHC. It concentrates on the processes involving the productiorx (flavor symmetry) remain a mystery. There are three lep-

of high mass states. Results are drawn from simulations pté)rr—IS with electric charge-1, the electron ), muon {) and

formed by the CMS and ATLAS collaborations. The ability OFau lepton £), and thr.ee. electrically neutral leptons (the neutri-
L . osv., v, andv;). Similarly there are three quarks with elec-
the LHC to provide insight into the mechanism of electrowee%rk 9 ;
svmmetry breaking is exemplified ric charge+3, up (), charm ¢) and top (), and three with
y y g P ' electric charge-1, down (), strange §) and bottom§). The
. . quarks are triplets under th#7(3) group and thus carry an ad-
. Introduction and Motivation ditional “charge,” referred to as color. There is mixing between

This document is intended to summarize the potential of tH2€ three generations of quarks, which in the SM is parameter-
Large Hadron Collider (LHC) for high transverse momenturé€d by the Cabibbo-Kobayashi-Maskawa (CKM)[3] matrix but
physics and explain the reasons why it is a crucial next step'ift explained. _
our understanding of the behavior of nature. Itis the physics poll the SM theSU(2) x U(1) symmetry group (which de-
tential of the LHC that motivates US participation; not a desig€"Pes the so-called Electroweak interaction) is spontaneously
to build detector components, a need for projects for studentP&pken by the existence of a (postulated) Higgs field with non-
postdocs, or a requirement for a future program to retain ugE™ expectation valie. This Ieads to the. emergence of_ massive
versity funding (though these elements may be important). WeCtor bosons, thé/= and 7, which mediate the weak inter-
believe this physics potential enormous and that, among c@fion, while the photon of electromagnetism remains massless.
rently approved projects, the LHC is unique in that it is the onfyn€ Physical degree of freedom remains in the Higgs sector,
one that has sufficient energy and luminosity to probe in det#flich should be manifest as a neutral scalar bos6n but
the energy scale relevant to electroweak symmetry breaking Which is presently unobserved. Th&/(3) group describes the

We outline the many physics processes that have been studgng interaction (quantum chromodynamics or QCD). Eight
as part of the design processes for the ATLAS[1] and dI{/IS[‘Z?Ctor gluons mediate this mter'actlon. .They carry co!or charges
detectors. Examples are selected from the Targe amount of themselves, and are thus self-interacting. This implies that the

tailed work carried out for and since the technical proposals. QCP couplinga:s is small for large momentum transfers but
large for small momentum transfers, and leads to the confine-

A. The Standard Model ment of quarks insid_e color-neutral hadrons. Attempti_ngto freg
a quark produces a jet of hadrons through quark-antiquark pair
The Standard Model (SM) is a very successful descriptipnoduction and gluon bremsstrahlung.
of the interactions of the components of matter at the small-The basic elements of the Standard Model were proposed in
est scales 10~'®m) and highest energies-(200 GeV) ac- the 1960’s and 1970's,[6]. Increasing experimental evidence of
cessible to current experiments. It is a quantum field theaiye correctness of the model accumulateatigh 1970’s and
which describes the interaction of sp%m-point—like fermions, 1980's:

whose interactions are mediated by spin-1 gauge bosons, Th.e SLAC deep inelastic scattering experiments showed the

?oofr?gie?rﬁoi ;:iglr:jssegﬁﬁnac_:ree (;f rLOz:rilfegs?;t?:nIg\f/?rqsnscin?npe?tlrled existence of point-like scattering centers inside nucleons,
y Y later identified with quarks [7]

group of the theory, which for the SME (3) x SU (2) x U (1).
The fundamental fermions are leptons and quarks. The lefte observation of the andb quarks ]'_8]

handed states are doublets under $11&2) group, while the

right-handed states are singlets. There are three generations &

*To appear in the Proceedings of the 1996 DPF/DPB Summer Study on New® obgeryatiqn of jet structure and three-jet f_in_a| ls_tates (gluon
Directions for High Energy Physics (Snowmass 96). radiation) inet e~ and hadron-hadron coII|S|om_sle]

fobservation of neutral weak currents exchangeﬁ}g]




» direct observation of thé/’ andZ at the CERN SPS col- damental theory, which has some other larger mass scale (such
lider [12] as the scale of grand unification or the Planck scale), there is a

. . ) S serious “fine tuning” or naturalness problem. Radiative correc-
Following these discoveries, an era of consolidation has b&ghhs 1o the Higgs boson mass result in a value that is driven to

entered. Ever more precise experiments have been carriediqdtiarger scale unless some delicate cancellation is engineered
at LEP and SLC which have provided verification of the coy;,,2> _ m? ~ M3, wheremy andm, are orderl0'> GeV or
plings of quarks and leptons to the gauge bosons at the '@é‘?ger). There are two ways out of this problem which involve
of 1-loop radiative corrections~( O(107")). The top quark ney physics on the scale of 1 TeV. New strong dynamics could
was discovered at Fermilab in 1995, with a very large magger that provide the scale iy or new particles could appear
(~ 175 GeV).[:_l_i.] so that the larger scale is still possible, but the divergences are
Only two particles from the Standard Model have yet to heyncelled on a much smaller scale. In any of the options, stan-
observedy; and the Higgs boson. Of these the latter is MOgg;rq model, new dynamics or cancellations, the energy scale is
important as it holds the key to the generation/6f 7, quark e same: something must be discovered on the TeV scale.
and lepton masses. S_ome of the SM para'meters, par_t'CUIa”éupersymmetry is an appealing concept for which there is,
those of the CKM matrlx'are npt well dgtermmgd. Exlpenmen present, no experimental evidence[16]. It offers the only
over the next few years qulvmg CP violationin the_k[4] an resently known mechanism for inc_onorating gravity into the
B systems]5] should determine these pgrameters or demons %htum theory of particle interactions and provides an elegant
the SM cannot adequately explain CP violation. There are SOfig, o ation mechanism for the divergences provided that at the
indications that the SM may be incomplete or inadequate in thal . ,veak scale the theory is supersymmetric. The successes

there are; :/ery fiw expr)]erlmzptal hobservat_lons thf"lllt It canfdfe Standard Model (such as precision electroweak predic-
accommodate such as the podiipthat neutrino oscillations ;) are retained, while avoiding any fine tuning of the Higgs

occur[l_i%]. mass. Some supersymmetric models allow for the unification
of gauge couplings at a high scale and a consequent reduction
B. Beyond the Standard Model of the number of arbitrary parameters. Supersymmetric models

The success of the standard model[6] of strong (QCD), weBRstulate the existence of superpartners for all the presently ob-
and electromagnetic interactions has drawn increased attenfigfved particles: bosonic superpartners of fermions (sqgarks
to its limitations. In its simplest version, the model has 19 pahd sleptonsg), and fermionic superpartners of bosons (gluinos
rameters[14], the three coupling constants of the gauge the§d gauginog?, \;°). There are also multiple Higgs bosons:
SU(3) x SU(2) x U(1), three lepton and six quark massedt, H, A and H*. There is thus a large spectrum of presently
the mass of theZ boson which sets the scale of weak intera¢inobserved particles, whose exact masses, couplings and de-
tions, the four parameters which describe the rotation from tf@y chains are calculable in the theory given certain parameters.
weak to the mass eigenstates of the charge -1/3 quarks (Cikafortunately these parameters are unknown. Nonetheless, if
matrix). All of these parameters are determined with varyirRyiPersymmetry is to have anything to do with electroweak sym-
errors. Of the two remaining, one, a CP violating parameter d8etry breaking, the masses should be in the region 100 GeV —
sociated with the strong interactions, must be very small. TheleV.
last parameter is associated with the mechanism responsible fén example of the strong coupling this scenario is “techni-
the breakdown the electroweak/ (2) x (1) to U (1).,,. This color” or models based on dynamical symmetry breaking[17].
can be taken as the mass of the, as yet undiscovered, HiggsAf@#in, if the dynamics is to have anything to do with Elec-
son. The couplings of the Higgs boson are determined oncetfgveak Symmetry breaking we would expect new states in the
mass is given. region 100 GeV — 1 TeV; most models predict a large spec-

The gauge theory part of the SM has been well tested; BU#M. An elegant implementation of this appealing idea is lack-
there is no direct evidence either for or against the simple Higélg. However, all models predict structure in tHelV scatter-
mechanism for electroweak symmetry breaking. All masses 4@ amplitude at around 1 TeV center of mass energy.
tied to the mass scale of the Higgs sector. Within the modelThere are also other possibilities for new physics that are not
we have no guidance on the expected mass of the Higgs becessarily related to the scale of electroweak symmetry break-
son. The current experimental lower bound is 65 GeV. As itsg. There could be new neutral or charged gauge bosons with
mass increases, the self couplings and the couplings télthemass larger than thg and IV; there could be new quarks,
andZ bosons grow[15]. This feature has a very important coaharged leptons or massive neutrinos; or quarks and leptons
sequence. Either the Higgs boson must have a mass less titafd turn out not to be elementary objects. While we have
about 800 GeV or the dynamics of WW and ZZ interaction® definitive expectations for the masses of these objects, the
with center of mass energies of order 1 TeV will reveal nebhHC must be able to search for them over its available energy
structure. It is this simple argument that sets the energy sc&ege.
that must be reached to guarantee that an experiment will be
able to prov?de information on the nature of electroweak sym- C. Accelerator Facilities
metry breaking.

The presence of a single elementary scalar boson is distastéligh energy physics is explored experimentally dyceler-
ful to many theorists. If the theory is part of some more furating and colliding beams of quarks and leptons. Electrons



(and/or positrons) and protons (and/or antiprotons) are usedtjminosity[}_i_i] of these collisions is proportional to thg lu-
practice. It is much easier to reach high energies using proinosity and falls rapidly with the center of mass energy of
tons, but each of the cotitsient quarks and gluons carries onlghe parton-parton system. The combination of the higher en-
a fraction of the total energy. ergy and luminosity of the LHC compared to the highest energy
The present comprehensive state of understanding the Stailider currently operating, the Tevatron, implies that the ac-
dard Model stems in large part from our having a wide range odssible energy range is extended by approximately a factor of
facilities which explore the interactions between the fermionstain.
energy scales/s of ordermy z ~ 100 GeV tom,; ~ 180 GeV.

These are: B. Physics Goals
* The Fermilab Tevatron collider, withp collisionsaty/s = The fundamental goal is to uncover and explore the physics
1.8TeV, behind electroweak symmetry breaking. This involves the fol-
o The CERN LEP collider, witht e~ collisions at,/s = OWing specific challenges:
mg, increasing to about 180 GeV in LEP 2 (1996); o Discover or exclude the Standard Model Higgs and/or the
e The SLAC SLC collider, withete~ collisions at/s = multiple Higgses of supersymmetry.
"z o Discover or exclude supersymmetry over the entire theo-
e The DESY HERA collider, which collides 30 Ge¥* with retically allowed mass range.
800 GeV protons.

o . o Discover or exclude new dynamics at the electroweak scale
While either LEP 2 or the Tevatron may be sufficiently lucky

to discover new physics in the cominga@hde, there isnly one The energy range opened up by the LHC gives us the opportu-
facility under construction that will really enable us to addressty to search for other, possibly less well motivated, objects:
interactions at energy scales 250 GeV — 1 TeV: CERN'’s Large

Hadron Collider. At present, this is our only sure window on to ® Discover or exclude any new electroweak gauge bosons
physics beyond the Standard Model. with masses below several TeV.

o Discover or exclude any new quarks or leptons that are

II. The Large Hadron Collider kinematically accessible.

A. Machine parameters Finally we have the possibility of exploiting the enormous pro-

THe LHC machine is a proton-proton collider that will be induction rates for certain standard model particles to conduct the
stalled in the 26.6 km circumference tunnel currently used bgllowing studies:
the LEP electron-positron collider at CERN {18]. The 8.4 tesla _ o _
dipole magnets each 14.2 meters long (magnetic length) are of The decay properties of the top quark, limits on exotic de-
the “2 in 1" type: the apertures for both beams have common Cays such as— cZ ort — bH™.
mechanical structure and cryostat. These superconducting mag-
nets operate at 1.9K and have an aperture of 56 mm. They wil
be placed on the floor in the LEP ring after removal and storagey, | HC experiment must have the ability to find the unex-
of LEP. The 1104 dipoles and 736 quadruples supportbeams,gfted. New phenomena of whatever type will decay into the
7 TeV energy and a circulating current of 0.54 A. particles of the standard model. In order to cover the lists given
Bunches of protons separated by 25 ns and with an RMBoye a detector must have great flexibility. The varied physics

length of 75 mm intersect at four points where experiments afgnatures for these processes require the ability to reconstruct
placed. Two of these are high luminosity regions &wdise 5,q measure final states involving the following
the ATLAS and CMS detectors. Two other regions house the

ALICE detector ['1_91, to be used for the study of heavy ion col- ¢ Charged leptons including the tau.
lisions, and LHC-B:[Z_'O], a detector optimised for the study of B-

mesons and B-Baryons. The beams cross atan angle pf@00 ¢ The electroweak gauge bosdns Z andy.
resulting in peak luminosity of03* cm~2 sec’! which has a
lifetime of 10 hours. At the peak luminosity there are an av-
erage of~ 20pp interactions per bunch crossing. Ultimately,
the peak luminosity may increasezoc 1034 cm=2 sec’!. The
machine will also be able to accelerate heavy ionsltieguin

the possibility of Pb-Pb collisions at 1150 TeV in the center of 4 (Missing transverse) Energy carried off by weakly inter-

mass and luminosity up @27 ?m_z sec’'. acting neutral particles such as neutrinos.
In the pp version, which will be the focus of the rest of

this article, the LHC can be thought of as a parton-parton c#article ID which is required for a detailed study of b-physics,
lider with beams of partons of indefinite energy. The effectives opposed to b-tagging, is not part of ATLAS or CMS.

b-physics, particularly that of B-baryons ait] mesons.

e Jets coming from the production at high transverse mo-
mentum of quarks and gluons.

¢ Jets that have b-quarks within them.



In the discussion of physics signals that we present below, it

is necessary to estimate production cross sections for both si
nal and background processes. These are estimated using [
turbative QCD and depend on several ingredients. Difference
can arise from the structure functions that are used; the ener
(Q? scale) used in the evaluation of the QCD coupling constar
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and the structure functions; and the order in QCD perturbatio
theory that is used in the calculation of the underlying partol
process. These issues can make comparison between differ
simulations of the same process difficult. Higher order correg
tions are not known for all processes and in some cases th
are known for the signal and not for the background. When th
corrections are known, they are often not incorporated in th
event generator tools that are employed. Except where noteg
we have adopted a conservative approach and use calculatig
that are only to lowest order. Almost all higher order correc
tions increase the rates, and are sometimes included by m
tiplying the lowest order rates by a so-called K-factor. Thesq
corrections are typically 1.5 and can occasionally be as large
as 2.0. Since the corrections depend on kinematical details tH
procedure is at best an approximation. Uncertainties from th
choice of scale and structure functions are at the 20% level ex-
cept in cases involving the production of very light states. The
total cross-section for b-quark production is particularly uncer-
tain.

The level of simulation used in the processes varies quite
widely. For a few processes a full GEANT[22] style simu- *®
lation has been carried out. Such simulations are very slow
(~ few x 10° Mips/event) and are difficult to carry out for
processes where .Iarge number_ of eyents need to be simulated they both include forward calorimetry for largesoverage
and many strategies for extracting signals need to be pursued. in order to obtain the requirefi resolution.

In these cases a patrticle level simulation and parameterized de-

tector response is used. A lower level of simulation involving The ATLAS detector is shown in F@l-l- It uses a tracking sys-
partonsi.e. leptons and jets) and parameterized response is fgsh employing silicon pixels, silicon strip detectors, and a tran-
and might be required when the underlying parton processsjgon radiation tracker, all contained within a superconducting
not present in full event generators. This last level of simulati@@|enoid. The charged track resolutiondgy /pr = 20% at

is useful for exploring signals but often leads to overly optj;, — 500 GeV/c. The tracker is surrounded by an electromag-
mistic results, particularly where the reconstruction of invariafktic calorimeter using a lead-liquid argon accordion design;
masses of jets are involved. None of the results included hgi@ EM calorimeter coverly| < 3 (with trigger coverage of
use this last level of simulation, unless stated explicitly. In| < 2.5) and has a resolution & E/E = 10%/vVE ® 0.7%.

The hadronic calorimeter uses scintillator tiles in the barrel,
and liquid argon in the endcapf| > 1.5); its resolution is
AE/E = 50%VE @ 3%. Forward calorimeters cover the re-
gion3 < || < 5 with aresolutioM\E/E = 100%VE @® 10%.

. - . SSurrounding the calorimeters is the muon system. Muon trajec-
completed Technical Proposals for the|r detectors éodnber tories are measured using three layers of chambers (MDT's and
1994, and were formally approved in January 1996. Thou C’s) in a spectrometer using a large air-core toroid magnet.

they differ in most details, the detectors share many commep, resulting muon momentum measuremetjig /pr = 8%
emphases which derive from the physics goals of LHC: atpr = 1TeVic andApr/pr = 2% atpr = 100 GeVic.

.Muons may be triggered on over the rarige< 2.2.

' The CMS detector is shown in Fig.2. The tracking system is

« they both use a rather ambitious magnet (though of diffdtased on silicon pixels, silicon strip detectors, and microstrip
ent geometries) in order to obtain good muon identificati@®s chambers. The charged track resolutiaiyig /pr = 5%

and precision momentum measurement; atpr = 1TeVic andApr/pr = 1% atpr = 100GeV/c.
CMS has chosen a precision electromagnetic calorimeter using

¢ both have lepton identification and measurement ovead tungstate (PbW0 crystals, coverindn| < 3 (with trig-
In| < 3; ger coverage ofy| < 2.6). Its resolution at low luminosity is

Y,
uan
Deieciors
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Diahachor

EM Calorimatas

Figure 1: The ATLAS detector

they both incorporate ambitious multi-layer silicon tracker
systems for heavy flavor tagging (the usefulness of this ca-
pability is an important lesson from the Tevatron);

C. Detectors

Two large, general-purpoge collider detectors will be con-
structed for LHC: ATLAS[1] and CM$[2]. Both collaboration

¢ they both include precision electromagnetic calorimetry



with the CDF and D@ experiments. These provide a unique op-
portunity to learn, in a somewhat less demanding environment,
how to deal with many of the challenges of high luminosity

hadron collider physics, such as energy from pileup events, dis-
crimination between multiple vertices, trigger rates dominated
by backgrounds, and heavy flavor tagging, in a real experiment.

lll. Higgs Physics

We will use “Higgs bosons” to refer to any scalar particles
whose existence is connected to electroweak symmetry break-
ing. Generically, Higgs bosons couple most strongly to heavy
particles. Their production cross section in hadron colliders is

i small resulting in final states with low signal to background ra-
Sl | 1E ’ “mme—  tios. The ability to detect them and measure their mass provides
st S b a set of benchmarks by which detectors can be judged. A spe-
) cific model is required in order to address the quantitative ques-
Figure 2: The CMS detector tions of how well the detector can perform. While one may not
believe in the details of any particular model, a survey of them
will enable general statements to be made about the potential of
AE/E = 2%\E & 0.5%. The surrounding hadronic calorimethe LHC and its detectors.
ter uses scintillator tiles in the barrel and endcaps; its resolution
isAE/E = 65%VE & 5%. The regior8 < |n| < 5 is covered A. Standard Model Higgs
by forward calorimeters using parallel-plate chambers or quartz , ,
fibers and having a resolution of abaNE/E = 130%\/E & AII.the properpes of thg stgndard model Higgs boson are de-
10%. The calorimeters are contained in a 4 tesla supercondJéfmined once its mass is fixed. The search strategy at LHC
ing coil which prOVideS the magnetic field for Charged particllé.therefore well defined. The current limit on the mass of the

tracking. Muon trajectories outside the coil are measured f}i99S Posonisiy > 65 GeV for experiments at LEP[23]. Be-

four layers of chambers (drift tubes and CSC’s) embedded € the LHC gives data, masses up to 95 GeV will have been

the iron return yoke. The muon momentum measurement G&cluded or discovered by LEP[24]. There are several relevant

ing the muon chambers and the central tracker covers the raRgRAUCtion mechanismgy — H viaan lnt('armedlate_quark or

In| < 2.4 with a resolutionApr /pr = 5% atpr = 1TeV/c gauge boson Ioopgq' - WH; g9 — ttH; g9 — bbH and

and Apr/pr = 1% atpr = 100GeV/c. The muon trigger 94 — qqH. The relative |mpprtance pf these processes depends
extends ovefn| < 2.1. upon the Higgs mass, the first dominates at small mass and the

B’:\é\:t at high masses. The branching ratios are shown iniFig. 3.

Significant contributions to both detectors are planned to
made by U.S. groups. For ATLAS, these groups involve about
200 physicists and engineers from 27 U.S. institutions; for
CMS, about 300 physicists and engineers from 37 U.S. instiAt masses just above the range probed by LEP, the dominant
tutions. Contributions to ATLAS include one half to one thirdlecay of the Higgs boson is to thefinal state which is difficult
of the silicon pixels, one third to one quarter of the silicoto reconstruct. The decay tpy is the most promising in this
strips, and the barrel transition radiation tracker; all or part gégion. The branching ratio is very small and there is a large
the readout for the liquid argon calorimeter, the EM section phickground from the pair production of photons yia— v,
the forward calorimeters, and about one third of the scintillgy — ~+, and the bremsstrahlung procegs — ¢(— 7)7.
tor tile calorimeter; the endcap muon system, and contributioBscellent photon energy resolution is required to observe this
to the level 1 and level 2 triggers. For CMS, the list includesignal, and this process is one that drives the very high quality
the forward silicon pixels, the hadron calorimeter system (maglectromagnetic calorimetry of both experiments.
agement of the whole project and construction of the barrel an€€MS has a mass resolution of order 540 (870) MeMhat =
forward calorimeters); the EM calorimeter front-end; the end10 for low (high) luminosity[25]. The mass resolution is worse
cap muon detectors (management of the system) and contriuhigh luminosity due to event pile up and the presence of a
tions to the level 1 and level 2 triggers (including managemepiteshower detector that is used to determine the photon direc-
of the calorimeter trigger). At the time of writing (June 1996jion. This preshower is necessary as there are multiple inter-
negotiations are still ongoing between CERN and the U.S. fungttions and the primary vertex is not readily recognised. The
ing agencies over the level of financial contribution to be mageeshower enables the photon direction to be determined with
to ATLAS and CMS. Until final figures are arrived at, the cona precision oft0mr/+/E and used to resolve the ambiguity in
tributions of U.S. groups are of course subject to revision.  which of the several events contains the signal and therefore

One important, but less tangible, contribution from the U.8that point along the beam is used in computing the diphoton
groups is their involvement in the Tevatron collider programvariant mass. It is not present at low luminosity. The ATLAS

H — ~~ and associated production channels
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_ _ _ _ significance of the peak as a function of the Higgs mass and
Figure 3: The branching ratios of the standard model Higgs e product of production cross-section and branching eattio
son as a function of its mass. The highest lying curve at larg@e dotted line corresponds to the valuerdf as a function of

mass is theZZ final state. Not shown is the/IV rate which  the standard model Higgs boson mass. The left (right) figures
makes up almost all of the unaccounted for branching ratios.correspond to low (high) luminosity running.

mass resolution at high (low) luminosity is 1.2 (1.1) GeV for at
My = 110 GeV. However the photoacceptance and identifi-
cation efficiency are higher in the ATLAS analy$_i§'[26], partlpf size AR = 0.3 around the photon direction. The Higgs sig-
because CMS rejecthotons that convert in the inner detectomal then appears as a peak over the smooth background. The
In addition to the background fromy final states, there are signal to background ratio is small, but there are many events.
jet —~ andjet — jet final states, that are much largerj& /v A curve can be fitted to the smooth background and subtracted
rejection factor of~ 103 is needed to bring these backgroundsom data. Fig. 4 shows the result of this subtraction. Peaks are
below the irreducible~ background. A detailed GEANT basedshown corresponding to Higgs masses of 90, 110 and 130 GeV.
study of the ATLAS detector has been performed to study theBlee figure also shows the event rate needed to establish a signal
background$I2_16]. Jets were rejected by applying cuts on thiesome significance as a function of the mass. From this one
hadronic leakage, photon isolation and the measured widthcah see that this mode can discover the Higgs if its mass is too
the electromagnetic shower. These cuts result in an estimatdigh to be detected at LEP and below about 140 GeV. At larger
these backgrounds which is a factor of six below the irreducibigasses the branching ratio becomes too small for a signal to be
v~ background. The backgrourfl — ete~ where both elec- extracted. The large event rate for this process implies that it be-
trons are misidentified as photons was found to be significantiymes effective for a more limited range of Higgs masses once
below the jet background, except in the rangg ~ mz. In the integrated luminosity exceeds10 fo~!. Results of the AT-
this case, stringent track rejection is needed. Given the undeiS study are similar and the reach of the two experiments is
tainties in the rates for these “reducible” backgrounds one csimilar[26]
be confident that they are smaller than the irreducibldack-  Another process is available at the lower end of the mass
ground, but they may not be negligible. range. If the Higgs is produced in association withiitor
The CMS analysis for this process is as follow$[2, 25]. Twid, the cross section is substantially reduced, but the presence of
isolated photons are required one of which has> 25 GeV additional particles proportionally larger reduction in the back-
and the other hagr > 40 GeV. Both are required to satisfyground. Events are required to have an isolated lepton arising
| n |< 2.5. Isolation means that there is no track or addition&lom the decay of th&/ (or top quark). This lepton can be used
electromagnetic energy cluster with > 2.5GeV in a cone to determine the vertex position. The process is only useful at



in association with light quark jets. The Higgs search is then
limited by the background from real b-quarks which is detector
independent. Jets were retained if they bad> 16 GeV and
| 7 |< 2.5. In order to reduce the background fraimevents a
ayer veto was applied to reject events with a second isolated lepton
BN R pr > 6 GeV and| 5 |< 2.5 and additional jets withy > 15
Figh luminosity GeVin| 75 |< 5. For a luminosity ofl0* pb~?, there are 175,
110 and 47 signal events for Higgs masses of 80, 100 and 120
GeV from theWW H process. The reconstructigdmass distribu-
tion is not gaussian, it has a tail on the low side. Nevertheless fit
to a gaussian gives ~ 11 GeV for amass of 100 GeV. The po-
sition of the peak is also shifted down by about 20%. These two
&&& degradations are caused mainly by gluon radiation off the final
stateb quarks and losses due to decays. The bantkapt arising
. from Wb events is large; approximately 3000, 2500 and 1880
events in a bin of width 40 GeV centered on the reconstructed
bb mass peak. An additional background fréZ (— bb) is
present ifmg ~ Mz and contributes an event rate approxi-
mately equal to that of the signal. The final stat&l (— bb)
was also studied. A third tagged b-jet was required. The signal
and background rates were similar to fie// case[28]. From
this study we can draw the following conclusion. Extraction of

Figure 5: Rejection factor for light quark jets as a function dt Signal will be possible if at all only over a very limited mass

the tagging efficiency for b-quark jets in the ATLAS deted!br[lgggﬁéveffi?:i;ncl:g/Oar?degicig?oiﬁgigﬁescgggC?'lrlza l;ip)gonna;[?:ayt/)_be

sufficient to confirm the discovery of a Higgs in another chan-
nel.
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high luminosity, for10° pb=! there are approximately 15 signal .
. 1. H 47 4¢
events for Higgs masses between 90 and 120 GeV (the falling - - _ _
cross-section is compensated by the increased branching ratide search for the Standard Model Higgs relies on the four-
for H — ~7) over an approximately equal backgroutid [7, 1jepton channel over a broad mass range fram ~ 130 GeV

The process will therefore provide confirmation of a discovet mu ~ 800 GeV. Below2my, the event rate is small and
made in they~ final state without an associated lepton. the background reduction more difficult, as one or both of the

Z-bosons are off-shell. In this mass region the Higgs width is
T small (£ 1GeV) and so lepton energy or momentum resolu-
1. H—bb . . ) had C
tion is of great importance in determining the significance of a
The dominant decay of a Higgs boson if its mass is belasignal[32].
2Mw is tobb. The signal for a Higgs boson produced in iso- For my < 2mz, the main backgrounds arise framy Zbb
lation is impossible to extract. There is, as yet, no conceisind continuumZ(7/~)* production. Of these, th& back-
able trigger for the process and the background productiongrbund can be reduced by lepton isolation and by lepton pair in-
bb pairs is enormous. The production of a Higgs boson in agariant mass cuts. Thébb background cannot be reduced by a
sociation with a W ottt pair can provide a highr lepton that |epton pair invariant mass cut but can be suppressed by isolation
can be used as a trigger. A study was conducted by ATLAS refquirements. The/ Z* process is an irreducible background.
this very challenging channel[28]. Events were triggered by rBeth CMS and ATLAS studied the process fer; = 130, 150
quiring a muon (electron) withy |< 2.5 andpr > 6(20) GeV. and 170 GeV. Signal events were obtained from hgth- H
A study was carried out of the tagging efficiency to be expecteddV 11/ 7 fusion processes, giving consistent cross sections
for jets containing b-quarKs[29}# events were generated and- - B ~ 3, 5.5 and 1.4 fb respectively (n&-factors being in-
used both as a source of b-jets and light quark jets. Atlow lungtuded).
nosity, the ATLAS detector has a layer (the so-called B-layer)in the CMS study[2; 31] event pileup appropriate4o=
at~ 5 cm from the beam. In this case a b-tagging efficiency03* cm~2s~! was modelled by superimposing 15 minimum
of 70% is achieved with a rejection factor of 100 against lighias events (simulated by QCD dijets wjth > 5 GeV/c). The
quark jets. The situation is somewhat worse at high luminosityuon resolution was obtained from a full simulation of the de-
as is shown in Fig. 5 This b-tagging efficiency is not signiftector response and track-fitting procedure. This was then pa-
cantly larger than that obtained by C[:QF_:[SO]. rameterized as a function pf and». Internal bremsstrahlung
The study ofH — bb assumed an efficiency of 50% and avas generated using the PHOTOS program and leads to about
background rejection of 100. Using this assumption the bad%o of reconstructed — ptp~ pairs falling outside any +
ground fromI¥bb events is slightly larger than that frofi’s 20, window for my = 150 GeV. The reconstructegd® .~



mass has a resolutiory = 1.8 GeV in the Gaussian part of
the peak. The electron resolution was obtained from a detailed
GEANT simulation of the calorimeter, including the effects of

material in the beampipe and the tracker, and the reconstruction. '°
of electron energy in the crystal calorimeter. Including internal flz 3 a)
and external bremsstrahlung, and usifg-a7 crystal matrixto 5, £
reconstruct the electron, the mass resolutigr= 2.3 GeV and Sek
the reconstruction efficiency is about 70% (withiry + 207). 3 g -
Events were selected which had one electron with > 4 F
20 GeV/c, one withpr > 15GeV/c and the remaining two zE
with pr > 10 GeV/c, all within|y| < 2.5. For muons, the P60 Tto 128 13 40 750 ig0 170 im0 e 500
momenta were required to exceed 20, 10 and 5 GeV/c within 4-lepton mass (GeV)
[n] < 2.4. One of theete~ or utp~ pairs was required to e b
be within+25 of the Z mass. This cut loses that fraction 7 - .
of the signal where botly’s are off-shell, about a 24% ineffi- an 3 )
ciency atny = 130 GeV and 12% atny = 170 GeV. The two Lk
softer leptons were also required to satisfy; > 12 GeV. Ad- s 3
ditional rejection is obtained by requiring that any three of the i 3
four leptons be isolated in the tracker, demanding that there is = 7 nn y
no track withpr > 2.5 GeV/c within the coneR < 0.2 around %00 o 20 38 Ta0 80 ie 70 i 180 200

the lepton. This requirement is not very sensitive to pileup as 4-lepton mass (GeV)

the2.5 GeV/c threshold is quite high. This yields signals at the

level of 7.4, 15.2 and 5.0 Sstan_dlard deviationsior = 130, Figure 6: Reconstructed four-lepton mass above background,

150, and 170 Gevia x 10°pb. o _ for mg = 130, 150 and 170 GeV, and an integrated luminos-
The ATLASI[4,:132] study followed a similar technique. Th&w of 3 x 104 pb~" (low luminosity) as simulated by the AT-

detector resolutions and reconstruction efficiencies were q_lks collaboration.(a) indicates the expected average number

tained using detailed detector simulations, including the eﬁeﬁ?events;(b) shows the result of one experiment, obtained with
of pileup. For the four-electron mode, the Higgs mass resolus yomized statistics isach mass bin.

tion atmgy = 130 GeV is 1.7 (1.5) GeV at high (low) luminos-

ity, including the effect of electronic noise in the calorimetet.0* pb~! and to about 600 GeV with0® pb~*. For lower

For muons, the corresponding figure is 2.0 GeV after correttiggs masses, the width is quite small and precision lepton

ing for muon energy losses in the calorimeter; this can be imrergy and momentum measurements are helpful; for larger

proved to about 1.6 GeV by combining the muon momentumasses the natural Higgs width becomes large. The main back-

measured in the muon system with that obtained from the cgmiound is continuun¥ 2 production.

tral tracker after the tracks have been matched. Events wer€MS|2,,31] studied the process fary = 300, 500 and

selected which had two leptons with > 20 GeV/c, and the 600 GeV. The electron and muon resolutions and the selec-

remaining two withpr > 7 GeV/c, all within|n| < 2.5. One of tion cuts were the same as used for #g" channel. Internal

theete~ or utp~ pairs was required to be within6 GeV of and external bremsstrahlung were simulated using the PHO-

the Z mass. The two softer leptons were also required to satiSi®S program and a GEANT detector simulation. Tuvoe~

mee > 20 GeV. or ut = pairs with a mass within:6 GeV of my were re-
ATLAS used a combination of calorimeter isolation and imguired. No isolation cut was imposed as the remaining back-

pact parameter cuts. The isolation criterion is that the transvegseunds are small. The resulting 4-lepton invariant mass dis-

energy withinR = 0.3 of the lepton be less thalis"*. Values of tributions are shown in Fig. 7. With0® pb~! a signal in ex-

E$*t of 3, 5, and 7 GeV were used féy, eeppr and4e modes cess of six standard deviations is visible over the entire range

at 1033 (103%) luminosity to obtain a constant signal efficienc200 < my < 600 GeV. ATLAS obtains very similar resulis[1].

of 85% (50%). Tighter cuts can be used for muoasduse they

do not suffer from transverse leakage of the EM shower. The 1. H ~1TeV Uvv, tjj, tvjj, etc.)

impact parameter, as measured in the silicon tracker, is used {85 the Higgs mass is increased further, its width increases

further reduce the background from heavy flavor processes 4 the production rate falls and one must turnéoay chan-

andZbb)[32]. ATLAS obtain signals at the level of 8.5 (7.8), 22¢|s that have a larger branching ratio. The first of these is

(18) and 6.5 (5) stalndard deV|at|olns for; = 130,150, and 7 . 77 _, ¢pu5. Here the signal involves looking for &

170 GeV in10°pb™" (3 x 10%pb™"). The four-lepton mass gecaying to lepton pairs and a large@mt of missing energy.

distributions are shown in Fig. 6. The signal appears as a Jacobian peak in the migsingpec-

trum. There are more potentially important sources of back-
1 HoZZ o4 ground in this channel than in th¥ final state. In addition

The H — ZZ — 4f channel is sensitive over a wide rang¢o the irreducible background froiZ final states, one has to

of Higgs masses frorimz upwards: to about 400 GeV withworry about” + jets events where the missinfgy arises from
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with pr(Z) on the abscissa. The statistical significance of the
signal shown is large but it is difficult to assess at this stage the
Figure 7: Mass distributionitf — ZZ* — 4ufor Mg =150  true significance when data are actually taken. The dominant
GeV as simulated by CMS including all bremsstrahlung losses7 background has QCD corrections of order 40_% [37]. Once
data are available this background will be measured. The CMS
analysis of this process[Z -35] uses a central jet veto requiring
neutrinos in the jets or from cracks and other detector effegtt there be no jets withi; > 150 GeV within | 5 |< 2.4.
that cause jet energies to be mismeasured. At high lumings; requiring a jet in the far forward region (see below), most
ity the background from the pile up of minimum bias evenigf the remainingZZ background can be rejected. A study by
produces &'** spectrum that falls very rapidly and is comcms requiring a jet with > 17V and2.4 <| 5 |< 4.7,
pletely negligible forz7*** > 100 GeV, provided the calorime- produces an improvement of approximately a factor of three in
ter extends t¢ ;) |< 5. ATLAS conducted[34] a full GEANT the signal to background ratio at the cost of some signal. This
based study of this background for which 5000 high transverggyde is only effective for high mass higgs bosons and becomes
momentumZ + jet events were fully simulated. The eventgowerful only at high luminosity. Nevertheless it will provide
were selected so that a large fraction of them had jets going ia unambiguous signal.
the region0.9 <| 5 [< 1.3 where ATLAS has weaker jet en- gypstantially larger event samples are available if the decay
ergy resolution due to the crack between the endcap and bagtgliesy — WiV — v + jets andH — 27 — (0 + jets
hadron calorimeters. The dominant part of the- jets back-  ¢an pe exploited efficiently. In order to do this one has to reduce
ground that remains is that where the missiiig arises from {0 enormous$y’ -+ jets andZ + jets background by kinematic
the semi-leptonic decays of b-quarks in the jets. The contrifyys. Henceforth the discussion will be for tHelV final state;
tion from detector effects is not dominant. the ZZ state is similar. The first step is to reconstruct thie
Figurei8 shows the missing; spectrum at high luminosity decay to jet$[38]. A particle level simulation was used including
(10° pb~1). On this plot theZ + jets background is estimatedthe effects of pile up at high luminosity. Basic calorimeter cells
from a parton level simulation as there are insufficient statistiocf A¢ x Anp = 0.05 x 0.05 and energy threshold afy =
in the full study to obtain the full missingr spectrum. This 1 GeV per cell were used. Jets were found using a cone of
estimate correctly models the contribution from b-decays whisiee AR = 0.5 and required to havé&r > 350 GeV. Within
the full study showed to be dominant. A cut was imposed réiese cones two smaller jets witkk = 0.2 and Fpr > 50
quiring that reconstructedd — ¢¢ haspr(Z) > 250 GeV. This GeV were reconstructed. This algorithm reconstrugts—
cut causes th& 7 background to peak. This effect is less projets with an efficiency of about 60% and a W mass resolution
nounced if a cut is made afi**¢* and then the plot is remadeof approximately 6.5 GeV fol/’s produced in the decay of 1



Process Central| Jet| Single | Double
cuts | veto tag tag S —
H—oWW 364 251 179 57 .

i 5620 560| 110 5 H->22 -~ ££)
W + jets 9540 | 3820 580 12
pileup 160 2

o
i

Tagging jets (Nl > 2.4
Z [els with £ » 400 GeV ard E, > 10GaY

Hygm 1000 GV

Table I: H — WW — (vjj signals and backgrounds, for
3l Va=t4Tev

mpg = 1 TeV, before and after cuts in the forward region (see
text). The rates are computed for an integrated luminosity o
10° pb~! and a lepton efficiency of 90%. Only the — H¢q
contribution to the signal is included. Table from an ATLAS
simulation.

~iv  Signal + Bkgd
3108 ! —  Bignat
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TeV Higgs bosons. The mass resolution is slightly better at lov

luminosity where pile up is unimportant. These cuts applied tc

theWW (— fv) + jets sample withpr (W) > 200 GeV reduces

the rate for this process by a factor of 500 and bringsitto a leve

approximately equal to that fromt production;tt — WbWb. I , ;
A limited statics full simulation of this method in the ATLAS
detector is in qualitative agreement with the above Stlll'dy [1]. " H — wiy —» f‘yj;‘ i

After these cuts, the backgrounds fra#h + jets andtt are 10 Taggirg jets (Y = 2.4) .
still larger than the signal fronf — WW and topological - 2 jets with E > 400 GeV and E, > 10GaY .
cuts are required. One of the procesgges— H qq produces
the Higgs boson in association with jets at large rapidity. Thes
jets can be used as a tag to reject background. This forwal
jet tag will cause some loss of signal since $lje—~ H process
lacks these forward jets. Hence it is only effective for high mas:
Higgs bosons where thg — H ¢q process is a significant part
of the cross section. The central part (in rapidity) of the Higgs
events is expected to have less jet activity in it than the back 3 4
ground, particularly that background framh At low luminos- gl , i
ity, requiring that the events have no additional jets (apart fron 406 600 800 1000 1200 1400 1600 1800 2000
the ones that make up the W candidate) with > 15 GeV and METS () GaV
| n |< 2 loses approximately 30% of the signal and reduces the
background fromiV + jets (tf) by a factor of 3 (30). At high
luminosity the requirement has to be raiseditp > 40 GeV
in order to preserve the efficiency for the signal. The rejectif
factors forl¥’ + jets andtf are then 2.5 and 12. r

The forward jet tagging was investigated in ATLAS as fol-
lows. Clusters energy of sizZAR = 0.5 were found in the
region2 <| n |< 5. Events from the pile up of minimum biasnot be taken too seriously. However, other kinematic quanti-
events have jets in this regions so the threshol@grof the jet ties may be used to further discriminate between the signal and
must be set high enough so that these jets do not generate tagfsdrbackground. Th&Z final state is cleaner as there is tto
the background. If the individual calorimeter cells are requirdtckground but the event rates are much smaller.

to haveEr > 3 GeV, then there is there is a 4.6% ( 0.07%) A separate study was performed by the CMS graup[2, 36].
probability that the pile up at high luminosity will contribute aHere two tagging jets with 5 |> 2.4, Er > 10 GeV and
single (double) tag to an event that would otherwise not haye~ 400 GeV are required. Two central jets are required with
one for tagging jets witlyy > 15 GeV andE > 600 GeV. The  in invariant mass within 15 GeV of thi#’ or Z mass. For the
requirements for single and double tags are then applied to #he case, the” is reconstructed from or x pairs with invariant
signal from a Higgs boson of mass 1 TeV and the various bagkass within 10 GeV of the Z mass: each lepton pas> 50
grounds. The pile up contributions are included and the evenéy and the pair hasy > 150 GeV. For thelW IV case, at least
rates for a luminosity of0° pb~' shown in table 1. 150 GeV of missingZr is needed and the charged lepton from

It can be seen from the table that it may be possible to eke W haspr > 150 GeV. The result of this study is shown in
tract a signal but the quoted signal to background ratios shoEqu.:Q.
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Figure 9: Reconstructed diboson mass distributions in the final
ateg’¢jj and{vjj showing a peak from a 1 TeV Higgs boson
om a CMS simulation.
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1. Summary of standard model Higgs and largeM 4. The decay modes used above in the case of the
The LHC at full luminosity will beable to probe the entire standard model Higgs boson can also be exploited in the SUSY
Higgs case.h can be searched for in the final state as the

range of allowed Higgs masses from the value reachable by . . . .
LEP up to the value where it is no longer sensibléo speak of branching ratio approaches that for the standard model Higgs in
tgg_largeMA (decoupling) limit.

an elementary Higgs boson using final states that one is ab ) )
The decayd — v~ can also be exploited. This has the ad-

lutely confident will be effectivey~, 4¢ and2/vw. Additional
final states that afford an excellent chance of having a sigifantage that, because — 22 andA — W do not occur,
will be exploited to support theséh andéy + jets, (6 + jets. the branching ratio is large enough for the signal to be useable

The failure to find a boson over this range would therefore efff values of}/, less tharkm, [40]. The decayt/ — ZZ~ can

able the standard model to be ruled out. The Higgs sector tiéhexploited, but at large values ofy; the decayll — 27,
either consists of non-standard Higgs bosons or the electrow®4KCh provides a very clear signal for the standard model Higgs,
symmetry breaking is via some strongly coupled process that!Seless owing to its very small branching ratio, The decays of
will manifest itself in the study ofV’I¥ scattering. The next " — bb can also be exploited.

subsection is devoted to an example of the former type. In addition to theseekay channels, several other podgibs
open up due to the larger number of Higgs bosons and possibly

. enhanced branching ratios. The most important of these are the
B. SUSY Higgs decays off andA to vt~ andpTp=, H — hh, A = Zh
As stated above the minimal supersymmetry model (MSSNMpdA — ¢f.
has three neutral and one charged Higgs bosbng&l, A and
H*. These arise because supersymmetric models, unlike the 2. HIA>7rr
standard model, need different Higgs bosons to generate masses
for the up and down type quarks. In the standard model ond! the MSSM, thell — r¥r= andA — 77~ rates are
parameter, the Higgs mass, is sufficient to fully fix its propeptrondly enhanced over the standard modeiif 5 is large, re-
ties. In the Minimal supersymmetric model, two parameters ard!ting in the possibility of observation over a large region of
needed. These can be taken to be the masisvfich is uncon- Parameter space. The" 7~ signature can be searched for ei-
strained, and the ratia4n /) of the vacuum expectation valuedner in a leptor-hadron final state, or an+ 4 final state. As
of the higgs fields that couple to up-type and down-type quarkB€ré are always neutrinos to contend with, mass reconstruc-
If tan 3 is O(1), then coupling of the top quark to Higgs bosonton IS difficult, and E*** resolution is critical. In ATLAS, at
(\.) is much larger than that of bottom quarks) as is the case Mgh luminosity this resolution is (E7>*) = o(EFy*) =
in the standard model. 1.1/3/>_ Er. Irreducible backgrounds arise from Drell-Yan
None of these Higgs bosons has been observed, so we rfégdpair production(f — rr andbb — 77. Both CMS[41]
consider only the regions of parameter space not yet exclude@d ATLAS[42] have studied r~ final states using full sim-
The masses of and H are given in terms of the mass df ulation.
andtan 3. The charged Higgs bosoli* is heavier thanA For the leptor-hadron final state, there are additional re-
(MZ. ~ M3 + M{,). H is heavier tham and, at large val- ducible backgrounds from events with one hard lepton plus a
ues of M4 A and [/, become almost degenerate. The mass jgt which is misidentified as a tau. In the CMS and ATLAS
the lightest boson, increases with the mass dfand reaches studies, events were required to have one isolated lepton with
a plateau ford heavier than about 200GeV. The actual valugg > 15 — 40 GeV depending om 4 (CMS) orpr > 24 GeV
depend on the masses of the other particles in the theory d&FLAS) within || < 2.0(2.4) and one tau-jet candidate within
ticularly the top quarki[39]. There is also a dependence (gl < 2.0(2.5). A lepton reconstruction efficiency of 90% was
radiative corrections) on the unknown masses of the other @gsumed by both ATLAS and CMS.
persymmetric particles. This dependence is small if these paf€MS identified tau-jets by requiring) < Er < 120 GeV
ticles are heavy, so it is conventional to assume that this is floe m4 < 300 GeV andEr > 60 GeV form, > 300 GeV.
case. The only uncertainty in the masses of the Higgs bos&h&ctly one charged track withy > 25 — 40 GeV/c was
then arises from the error on the top quark mass. Unfortunatebguired withinR = 0.1 of the jet axis, and no tracks with
the upper bound on the mass/ois such that it might be out of pr > 2.5 GeV/c in the annulus betwedg = 0.1 andR = 0.4.
the range of LEP, which is 95 GeV for smailn 3 and 88 GeV ATLAS required that the tau jet havBr > 40 GeV, that the
for largetan 3. radius of the jet computed from the EM cells only be less than
In the limit of largeA mass, the couplings of the Higgs boson8.07; that less than 10% of its transverse energy be between
are easy to describe. The couplingshdfecome like those of # = 0.1 and R = 0.2 of its axis; and again, that exactly one
the standard model Higgs boson. The raises the possibility thharged track witlhr > 2 GeV/c pointto the cluster. The CMS
if h is observed at LEP, it may not be possible to distinguishdnd ATLAS selections are about 40%(26%) efficient for taus,
from those of the standard model Higgs boson. The couplingbile accepting onlyt /100 (1/400) of ordinary light quark and
of A and H to charge 1/3 quarks and leptons are enhancedghton jets.
largetan 3 relative to those of a standard model Higgs bosonCMS vetoed events having other jets with- > 25 GeV
of the same mass. Howevet,does not couple to gauge bosomvithin || < 2.4 (this reduces thel background); while AT-
pairs and the coupling df to them is suppressed at large 3 LAS used cuts or2%#¢, the transverse mass of the lepton and
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Mass determination of A, H—=11= T h¥ + X

| n |< 2.5. The background front¥ events is rejected by requir-
ing B < 30(60) GeV at low (high) luminosity. A jet veto
could be employed to reduce this background further, but this

! 1 I T T I T | I .
v AD HO_ g T 4 pt oy TS is mtiffe_ctlvg at reducing the remaining dominant background
ao | £ 1, T for ut p~ pairs from the Drell-Yan process. A cut on the trans-
104 pb7! Ve = 14 Tev verse momentum of the muon pair, requiring it to be more than
T osap + m, =300 GeV, tgB =50 _| 10 GeV for small Higgs masses and 20 GeV for larger masses
= reduces this background slightly. The remaining background is
T er + . very large within£15 GeV of the Z mass. Above this region
~ gL signal + bkgd the signal appears as a narrow peak in gHe:~ mass spec-
o n . . . . ..
= +|* ----- Background trum. In this troublesome region the signal will be statistically
L% 20 - | My v s - significant iftan 3 is large enough but it appears as a shoulder
IR 4 vz on the edge of a steeply falling distribution which may make it
10 - Pt -*3',*‘ n more difficult to extract a signal.
Dipolrt Iﬂm The significance of the signal in this channel is determined
o 200 400 600 BOO 1000 by the p*u~ mass resolution and the intrinsic width of the
My jy — Myp {GEY) Higgs resonance. The mass resolution in ATLAS is approxi-
mately0.02m 4 and0.013m 4 in CMS[44]. At largetan 3, the
. . . ) masses ofd and // are almost degenerate and they cannot be
Figure 10: Invariant mass distribution of th@ v system for g y

resolved from each other. The natural widthbfis propor-
tional to tan? 3 and is approximately 3 GeV faman 3 = 30
and M4 = 150 GeV. The mode will provide do signal for a
region in theM 4 — tan 8 plane covering/4 > 110 GeV and

, . tan 3 > 15 for an integrated luminosity af9® pb~! .&
ER*¢*and the azimuthal angle between the lepton and the tau- g ¢ y P -

jet. The mass of the higgs may be reconstructed by assuming
the neutrino directions to be parallel to those of the lepton and
the tau-jet. Resolutions of 12 and 14 GeV (Gaussian part) ar@he prospects for detecting the CP-odd Higgs bosbrv{a
obtained by ATLAS and CMS fom4 = 100 GeV. The recon- its decay intophoton pairs at the LHC were investigated at
structed higgs peak is shown in Fig.10. Snowmas$[40]. The CMS detector performance was adopted

For thee + p final state, CMS required a pair of oppositefor a realistic study of observability.
sign unlike-flavor leptons withr > 20 GeV/c and|n| < 2.0.  Gluon fusion g — A) via top and bottom quark triangle
There are large backgrounds frorr_1 the tau-pair processes listrsh diagrams is the dominant production processifs < 4;
above plus W production. Theti and WV processes can while for largetan 3 (2 7) b-quark fusion dominates. Both pro-
be reduced to about one-fifth the Drell-Yan tau-pair rate bycesses were included in this study. QCD corrections to the cross
calorimeter circularity cut and by requiringy between the lep- section were not included, but the effect of QCD radiative cor-
tons be greater than 130The signal efficiency is about 40%.rections on the branching fraction éf— bb (which is reduced
Both ATLAS and CMS find the sensitivity in the + p final by about a factor of 2) was taken ind@count. Fotan 3 ~ 1
state to be less than for the lepteinadron final state, owing to and 170 Ge\k m, < 2m, the branching fraction oft — ~~
its smaller rate and less favorable decay kinematics. is betweerb x 10-% and?2 x 10-3.

Taking the leptor-hadron and: + 1 modes together, for the  Events were simulated using PYTHIA 5.7 with the CTEQ2L
sum ofh, H and A decays, both ATLAS and CMS find that theparton distribution functions. The backgrounds considered are
large region of parameter space correspondingo3 < 6 at  QCD photon production, both the irreducible two-photon back-
my = 125 GeVrisingtotan # 2 30 atmy = 500 GeVmay be grounds ¢ — v+ andgg — ~7) and the reducible back-
excluded at the& confidence level with x 10* pb™!. ATLAS grounds with one real photoyd — g¢v, ¢9 — ¢v, and
also finds some sensitivity toan < 2 for 125 < m4 < 44 — 44). Both photons were required to have transverse en-
350 GeV at very high integrated luminosities ¢ 10°pb™").  ergy (E+) larger than 40 GeV anph| < 2.5. Both photons are
required to be isolated.e., (1) there is no charged particle in
the cone in the con& = 0.3; and (2) the total transverse en-

2. H/A—= up
The branching ratio foff (or A) to u* = is smaller than that ergyy” 5 is takgn to t?e I_ess than 5 Qev n th? conering 0.1
< 0.3. In this preliminary analysis, no rejection power

to 7+~ by a factor of(m,, /m,)2. The better resolution avail- < N : o
ablein thiZchanneI cémS(/ensa)tes to some extent for this and assumed agf':uns? s with high 7, gn.d alir’'s surviving
11~ mode can be useful for large valuesief 3. A signal of the cutg are considered accepted. (Thls is very conservative and
less statistical significance than that in thier~ could be used OVerestimates the background especially in the low mdss

to confirm the discovery and make a more precise measurer&#°"-)

of the mass and production cross section. The ATLAS analy-ithe cMs event rates appear larger than the ATLAS ones. CMS added the
sis [43] requires two isolated muons with > 20GeV and 4 andH rates whereas the ATLAS numbers correspond tottaone.

selected events withny = 300 GeV andtan 5 = 50 from
CMS.

2. A—wyy
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Fig. :_i_i shows the reconstructeg mass above background
for ma = 180,200, 250, 300and350 GeV andtan 8 = 1. The
higgs peaks are clearly visible. Tt discovery region for
this channel in then 4, — tan g plane is also shown. Evidently
this channel may provide a good opportunity to precisely re-
construct the CP-odd Higgs boson mass,{ for 170 GeV
< my < 2my if tan S is close to one. The impact of SUSY
decays on this discovery channel might be significant and is un-
der investigation with realistic simulations.

2. H—hh

Observation of this channel would be particularly interesting
as information about two different Higgs bosons and their cou-
pling could be obtained. The dominant decay here is the to final
statebbbb. However it is not clear how this mode could be trig-
gered efficiently and there is a very large background from QCD
events. The channél — hh — bbrt 7~ would be triggerable
if one tau decayed leptonically. This channel has not been stud-
ied.

The decay channel — hh — ~y~bb is triggerable and was
studied[43] recently. Events were required to have a pair of iso-
lated photons with 7 |< 2.5 andpy > 20 GeV and two jets
with pr > 15(30) GeV and| » |< 2.5 at low (high) luminosity.
One of the jets was required to be tagged a b-jet and an effi-
ciency of 60 (50) % assumed with a rejection of 100 (10) against
light (charm) jets. The dominant background arises frpm
production in association with light quark jets and is approxi-
mately 10 times larger than theybb background. Event rates
are very low, forMyg ~ 230 GeV andm;, = 70 GeV there
are about 20 signal events at high luminosity. However the very
small background+ 2) and the sharp peak in thes mass dis-
tribution should provide convincing evidence of a signal.

2. Other possibilities

For large masses, theand ' decay almost exclusively t@.
The background in this channel arises frafyproduction and
is very large. A statistically significant signal can be extracted
provided that the background can be calibrated [43]. For an in-
tegrated luminosity of0° pb~! there are about 9000 events for
M4 ~ 400 GeV after, cuts requiring an isolated lepton (which
provides the trigger) and a pair of tagged b-quark jets. #The
mass resolution is of order 70 GeV resulting in approximately
100000 background events. The rate foproduction is well
predicted by perturbative QCD, so it may well be possible to
convincingly establish an event excess but extraction of a mass
for A will be very difficult. The mode is most likely to be useful
as confirmation of a signal seen elsewhere.

The decayd — Zh affords another place where two Higgs
bosons might be observed simultaneously. The leptonic de@g
of the 7 can be used as a trigger. The CMS study requirf:o
a pair of electrons (muons) withy > 20 (5) which have an
invariant mass within 6 GeV of th& mass and a pair of jets
with pr > 40 GeV. One or two b-tags are required with an
assumed efficiency of 40% and a rejection of 50 against light
quark jets. The background is dominatedtl?)yeventsﬁ The

r

2A K factor of 1.5 was included in the backgrounds shown on fié_u-.'re 12.
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Figure 12: Reconstructetibb andbb mass distributions from quires more luminosity. Figuté 13 shows an indication of what
the processt — Zh — ((bb. The peaks above the SM backcan be achieved after a few years of runnjng[43]. The entire
ground correspond to the reconstructednds from CMS. plane is covered using the modes where one has great confi-
dence. Over a significant fraction of the parameter space at least
two distinct modes will be visible. For examplejifs observed

signal to background ratio is much better than in the case &fLEP Il and/, is small the LHC will see thé/ * in top quark
W H (— bb) as can be seen infigure 12. A peak is clearly visibRecay,H — 77, and possibly7 /A — 77. At large values
in both thebb and¢¢bb mass distributions and a signal could bef M., the decaysh — vy, H — ZZ*, andA — Zh will
unambiguously seen. provide a third or fourth observation. If nothing is observed at

The positive conclusion of this Study is confirmed in |;_e-ﬂ [43].EP”, then over a Significant fraction of the remaining phase
where several values df’, andm, were simulated and it wasspace,h — yy and /A — rr (and /A — pp) will be
concluded that & signal is observable for an integrated lumimeasured. The decay of other supersymmetric particles will
nosity of 3 x 10* pb~! for tan 8 < 2 and150 < M4 < 350. Provide additional sources @f Over a significant fraction of
This study included the background fro#bb events which SUSY parameter space, there is a substantial branching frac-
dominate over thé&f background at smaller valuesofy . tion for squarks to decay th. The rate is then such that decay

h — bb becomes clearly observable above background and this

2. Summary of Supersymmetric Higgs channel is the one whereis observed first at LHC.

One is confident that the following modes will be effective
in searching for the MSSM Higgs bosonst/H — 7t7~,
A/H = ptyu= H = Z7* = A, h — vy, A — Zh — £(bb, The supersymmetric extension to the standard model has a
H — hh — bbyy andt — bH*(— rv) (discussed in the sec-rich spectrum of particles that can be observed at the LHC. In
tion on the top quark). In addition, the moddag H — ¢ and addition to the extended Higgs sector discussed above, there are
h — bb for h produced in association with & may provide the supersymmetric partners of all the quarks, leptons and gauge
valuable information. The former set of modes are sufficient fobsons of the standard model. If supersymmetry is relevant to

V. Supersymmetry
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the electroweak symmetry breaking problem then most of thesesupersymmetry over the whole mass range over which the
particles will be in a mass range that is observable at L:_I-T_C [3Bleory makes sense (at least as far as electroweak symmetry
The sparticles with the largest production rates at LHC are thdseaking is concerned), i.ez; <1 — 1.5 TeV.

with strong interaction couplings, the squarks and gluinos. Pro-

duction rates are very large and the discussion then must focus A. Squark and Gluino searches

on decay scenarios. o
Many supersymmetric models have a discrete SymmetryThere are two distinct sources of background for the super-

called R-parity that ensures that the lightest supersymmeffMMmetry signatures involving jets and missifig. The first
particle is absolutely stable. This particle must be electricalf§ €&l Physics processes involving, for example, jets produced
neutral and might pervade all of the current universe providingh@ssociation with & boson that then decays to7. These
substantial fraction of the dark matter. This particle could be tR@ckgrounds are detector independent and irreducible.  Sec-

partner of the neutrino (sneutrino), but in most supersymmé’ﬂdly’ backgrounds arise from the mismeasurement of multijet

ric models it is one of the four mass eigenstates that are linérfinal states due to imperfections in the detectors. This can
combinations the partners of the ~, and neutral componentshappe” because pbor jet energy resolution which then allows

of the two Higgs doublets. These states (in order of incredsIet'S €nergy to be substantially mismeasured resulting in ap-
ing mass) are denoted byi, x2, xs andys. The production parent missingr, or cracks and dead material which cause
rates for these particles are small and their largest source is%RE9Y to be lost. This background, if it proves to be important,
decay of other supersymmetric particles. Since these so-cafféd Pe reduced by rejecting events where the missingector
neutralinos have no electric charge and no strong interactiof<!0Sely aligned with one of the jets.
they have very small interaction cross-sections off regular mat\1 LAS conducted a study of the second background. A sam-
ter. The lightest of them exits the detector carrying off enerd&{e of four and five jet events was produced using exact matrix
and leading to one of the classic signals for supersymmetry & gment ca}lculgtlons interfaced with JETS'ET 7.4. This methpd
hadron collider: missingZ. of generation is expected to be more reliable for events with
Heavier neutralinos can decay into lighter ones via the em[88Y widely separated Je.ts than that from a showermgl_l\‘/lonte-
sion of a (real or virtual)Z boson. The partners of the" Carlo alone. A parameterization of a GEANT based stydiy [51]

boson §*) can either be produced directly or in the decay c?f the Jtﬁt rfesponze mdthe dpotentlal:y Froutblesome reglgn t?l_i
other supersymmetric particles.§j — q7x*). The subse- \WE&N e forward and end cap calorimeters was used. ©

quent decay of a* will give rise to a (real or virtual)” boson resulting in background is far below that from the irreducible

(e.gx* — W) and hence to an isolated leptons. Since tﬁ)éa\ckgroupd asis shown in Figure 14 L
gluino is a Majorana fermion its decay can lead to eitteor From this figure it can be seen that the completely unrealistic

¢~ This observation leads to the second characteristic sigfg@S¢ Where all the energy in the regibi <| 7 [< 3.3 is
ture, Events with one, two or three isolated leptons in vario t still produces a background that is far below the irreducible
charge combinations. The final state with a pair of isolated lepackground. This study confirms ones done for the_§5_§C[45]
tons of the same charge is particularly interesting as standd}at 'ndicate that these reducible backgrounds are unimportant.
model physics (such as the production off air) leads to a Figure,14 also shows that at sufficiently large missifig the

rate for this that is much below that for an isolated lepton pai}9n@! from the decay of squarks and gluinos exceeds that from
of opposite charge. standard model background sources.

The mass spectrum and detailed decay properties of the su é?,\_smnar StL.de was carngd out by CM?-[A'G]' Here the MSSM
symmetric particles are very model dependent making a gen ar used as implemented in [ISASUSY,[48]. The following pa-
study rather difficult. The situation is complicated by the reé?mEters were chosentf; = 1500 GeV,m; = 1550 GeV
possibility that the LHC may be a factory for supersymmetrfe = —440 GeVitan 3 = 2, m; = 300 GeV. Events were
particles; many different ones are produced at the same ti %I.ECtEd that hlave a least 4 jets wiily > 100 GeV, one of
Early studies of supersymmetric signals concentrated on a s Em was required to ha\lér. - 400(;.6‘/ and another to have
cific particle and a particular decay mode demonstrating thiaf ~ 200 GeV. The threem'},j?he% Jets ha\_/e-| 7 |<. 1.5 and
cuts could be made that ensure that the signal from this deé other has 7 |<. 2'0’. Bt > 600 Gey, circularity gfe"".ter
stands out above the standard model background. These stu 0.1 and the invariant mass of the jets and the missing

provide a convincing case that supersymmetry could be dischv & least 1500 GeV. For this very massive gluino and squark

ered at the LHC. The next Ieve_l of work addre_sses the quest 1‘8;, 455(_)1ev_$rr]1(t§es;rr(\en\£ tg]aeslf fg&i;oé\?enngt%%i;e&:?;ﬁ'gg:gy
of how the masses and couplings of the particles could be ¢e- pb--. 9 ’

termined and the underlying theory constrained. Here acest rom the production of¥’ andZ bosons in association with jets

the problem that the dominant background for supersymme'lsrg/ adslgnal car|1 be Clear%?s_talbgg’;gd've’om ATLAS and CMS
is supersymmetry itself. can discover gluinos up wa; = ev.

So far, direct searches at the Tevatron have excluded the mass
range up tom; = 230 GeV.[49] With the main injector and
2 fb~! of luminosity, sensitivity will extend up tew; ~ 300 — ATLAS conducted a simulation of same sign dilepton sig-
400 GeVEQ], and if we are lucky we might see something. On®als. Here the dominant background arises frdnevents:
of the great strengths of the LHC, however, is that it is sensitive— W (— £+)bWb(— (T vc). The requirement that both lep-

1. Jets and Leptons
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tons be isolated (less than 12 (5) GeV of additional energy in a
cone of sizeA R = 0.2(0.3) around the lepton direction at high
(low) luminosity), is very effective at reducing the background
from bottom decays. Events were required to have two iso-
lated leptons withpy > 20GeV and| n |< 2.5, four jets with
Er > 70(110) GeV( at least one of these hag > 110(150)
GeV) and B¢ > 120(150) GeV at low (high) luminosity.
For an integrated luminosity dfo®> pb~! andm; ~ m; there
are about 14000 (120) signal events over a background of 500
(70) formz = 300(1500) GeV. The results of this study can be
converted into a reach in the MSSM. For most valuesaafs
andyu, and formg; ~ mg (mg ~ 2myg) [2my; ~ mg], gluino
masses up to 1800 (2600) [1400] GeV can be probed in this
channel.

If squark production is dominant, there will be an asymmetry
F in the signs of the dilepton pairs that arises because the beams
10 ¢ are protons which contain more up than down type quarks. This

P M squark = Magiuino asymmetry is

i b - Maun= 1500 GeV
N SN PR G

10 3 00095 o(++) + o(——) + background

10_2%— A oo The asymmetry is very smallifi;guark = 2mgruino but it rises
_3fF

ol to A ~ 0.2 for myquark = Mgiuino./2 and for this value could

10 32 ¥ A ? . be measured with a precision@f = 0.05 up to squark masses
4 ? ﬁ) of 750 GeV. This quantity is an example of ones that will be

used to pin down the details of the supersymmetry spectrum

Cross Section (pb/50 GeV)

_5
10 F ¥ after a signal has been observed.
i CMS have also investigated muon{gts+ [Lr signatures
for supersymmetrﬁ[{l?]. Channels with a single muon, two
10_7;— muons of the same or of any sign, two isolated muons, and three
_sf ‘f * muons were investigated. These channels are found to allow the
10 L P T S I S SO NI AH I SR TN SR . . . .
0 250 500 750 1000 1250 1500 observation of a gluino signal up @,.in. ~ 1.5 TeV with
E;™ (GeV) 10°pb™.

, L _ . B. Charginos and Neutralinos
Figure 14: MissingZr signature arising from a supersymmetry

event having at least three jets with- > 200 GeV, a fourth jet T.he pair prod.uction of. charginos and neutralinos will resglt
with By > 100 GeV and transverse sphericisy > 0.2. The N final states with three isolated leptons from the decay chains
solid histogram is the signal, the open circles are the irreducible — (X1 andx. — x1(*~. After isolation requirements
background arising from theeday into neutrinos of, 1/, z ©n the leptons, the dominant background is fréf final
etc. The filled squares represent the reducible backgroundSidtes. This final state has been used at the Tevatron. No sig-
the unreasonable case where all the energy in the region B@-Was observed allowing a cross section limit to be set[49].
tween| 7 | of 3.1 and 3.3 is lost. The more realistic case of ATLAS used the MSSM to investigate the utility of this mode
degraded resolution is shown as the triangles. Figure from &in-HC. Three isolated leptons wify) |< 2.5 were required,
ATLAS simulation. two of which havepr > 20 GeV and the third hagr > 10
GeV. Events were rejected if they are had a lepton pair con-
sistent with the decay of & (reconstructed mass within 10
GeV of theZ mass). This cut did not reduce the signal be-
cause, over the parameter space searchgd,— m,, < 80
GeV. MSSM parametersan 3 = 2 and 20,u = —mgyuino,
Msquark = ngluino and Msquark = Mgluino + 20 GeV for
Mgiuine = 200,300, 400,500 and 600 GeV were used. A jet
veto to reduce further thig background was used (no jets with
pr > 25 GeV and| 5 |< 3) although this cut may not be
needed (check this). At low luminosity) fo~! (the jet veto is
guestionable at high luminosity), there is a statistically signifi-
cant signal up to gluino masses of 600 (400) GeV at the smaller
(larger)value ofan 5.
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C. Sleptons

The partners of the leptons are the most difficult supersym-
metric particles to observe at a hadron collider. Their produc- 1250 ——¥—— 11—+
tion rate is very small as it is dominated by the Drell-Yan pro-
cessqg — (+{—, unless sleptons are produced in the decays F R
of strongly interacting sparticles. The sleptagceys will pro- 1000 ot |
duce final states of opposite sign lepton pairs and misging
Backgrounds notably fromt final states are very large. All ~ r .
hope of extracting a signal relies on the efficient use of a jeb 750 — . —
veto. Simulations of slepton signals have not yet been carri 3
out with the ATLAS or CMS detectors. However a “toy simula- § - Y o s
tion” with some degree of credibility indicates that it might be * 500 |- ° r": . —

possible to extract a sign,‘_il_[52]. Events were selected requiring
that there be a pair of isolated leptons of the same flavor and =
opposite charge angr > 20 GeV. At least 100 GeV of missing 250 |— _]
Er was required and events were vetoed if the was a jet with B ]
pr > 25 GeV and| n |< 3. The missingEr vector and the - :
transverse momentum sector of the dilepton system were more g L. 1 1 I IR
than160° apart in azimuth. The dominant background is from 0 500 1000 1500 2000

tt andW 1~ events. Slepton masses up to about 300 GeV are Mg (GeV)

observable withl 0 fo —* of integrated luminosity. The signal

is not obscured by other SUSY decays. This study is very en-

couraging, a more detailed simulation is required to confirm figure 15: The correlation between the peak in e distri-
Such investigations are now in progress in CMS, including tigttion, M. f f and M., being the smaller of the gluino and
question of separating the slepton signal from the backgrour@érage of the up, down charm and strange squark masses.
arising from the copious production of other SUSY states.

D. Which SUSY? is made, and the event rate is plotted agaivistdefined as the

. . . _scalar sum of th&'r of the four jets andZ7?** [54]. This curve
From the studies described above and others one has give, gl peak in the region where the signal to background ratio is

;olgte confldence that t.h eLHC can d|scqv§r supersymmetry 'Feﬂge and there is a strong correlation between the position of
is kinematically accessible. The more difficult question of ho\.’l’]e eak and the smallest of the gluino and (up, down, strange
well masses and branching ratios can be measured has rece'a{i'ﬂv)})charm) squark masses as is shown in Figure 15. This corre-

:JGQUP to be stu?:%c.jﬁ.ﬂ}e ;I:)rollferatﬁonlof mlt()dsls mellkr?s a SYion can then be exploited to determine the overall mass scale
ematic approach difficult. In a seminal work, Paggeal. have ¢, o strongly interacting superparticles with accuracy of

investigated the dependence of the signals discussed aboveoqa r 10%

many others upon the parameters in the minimal supergraV|t¥I . . .
- : aving determined the scale, more detailed measurements are
model (SUGRA)[E8]. This model has the advantage that rattmren performed. For this purpose a particular pointin the param-

feV.V parameterslspeufy it completely. The modeI.|s assumedett%r space was selected for simulation. The mass spectrum is as
unify at some high scale where a common gaugino mass

. . . follows: Gluinomy; = 298 GeVmy, = 312 GeV, mg = 317
is defined. All scalar particles are assumed to have a commop,, _ - -

massmy at this scale. Three other parameters then fully spec- * 2 - 263 GeVimy, = 329 GeV

massm at th - N f paramete Y SPeE . — 278 GeV,m, = 314 GeV Sleptonsn;, = 215 GeV,
ify the model:tan 3, a variableA with dimension of mass that _°: Utrali _ -

affects mainly the splitting between the partners of the left and™ _ 206 GeV, Neutralinosny, = 44 GeV,m,, = 98 GeV,
. . ! . My, = 257 GeV,m,, = 273 GeV Charginosn -, = 96 GeV,

right handed top quark, and the sign;of Final states involv- ] X7

ing leptons, jets and missing; were investigated to determine’™,+ = 272 GeV Higgsm;, = 68 GeV, my = 378 GeV,
sensitivity to the parameters that an LHC experiment may have, = 371 GeV,mg+ = 378 GeV.

One result of this study is that-quark tagging might be an im- At this point the total production rate for gluino pairs is very
portant tool in disentangling the parameter space as the b-quarge, and many other supersymmetric particles are produced in
multiplicity is a useful quantity to measure. the decay of gluinos. Of particular significancegiswhich de-

A study [53] has attempted to address the issue of how wetlys toyiet e~ andy;ut =~ with a combined branching ratio
the parameters in a SUGRA model could be determined. Toe32%. The position of the end point of this spectrum deter-
proposed strategy is as follows. One first searches for an exnes the mass differenee,, — m,, [55]. Backgrounds are
cess of events over background by using several variables. Regligible if the events are required to have two such dilepton
example, events are selected which have at least 4 jets onaifs, which can arise from the pair production of gluinos with
which hasF; > 100 GeV and the others havér > 50. Anad- each decaying tbh(— x2(— x1¢*(~)) which has a combined
ditional requirement oE7**** > 100 GeV and sphericityy > 2  branching ratio of 24%. The event rate is so large that the sta-
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tistical error in the determination of the mass difference is very
small and the total error will be dominated by systematic ef-
fects. The enormous number 8f— ¢t ¢~ decays can be used
to calibrate, and an error of better than 50 MeViep, —m,, is
achievabld. In the context of the model, this measurement con-
strainsM /» with an error of order 0.1%. By comparing event
rates for samples with one or two dilepton pairs, the branching
ratiox» — x1pp~ can be measured. 100
The small mass difference between the gluino and the sbot- (@)
tom can also be exploited to reconstruct a the masses of these
particles [5v]. Here a partial reconstruction technique is used.
Events are selected where the dilepton invariant mass is close to
its maximum value. In the rest frame gf, x; is then forced
to be at rest. The momentum qf, in the laboratory frame
is then related to the momentum of thel/~ pair by p,, = o0 ‘ ‘
(14-my, /Mgt - ) pete- - X2 €aN then be combined with an addi- (b)  am-z05205Gev ()  emezsco
tionalb — jet to reconstruct thé:ldeb mass. An additiondl; et
can then be added to reconstruct ghemass. Figuré 16 shows
the scatterplot on these two invariant masses together with a
projection ontan; anddm = my;q.4 — my. Peaks can clearly
be seen above the combinatoric background. This method can
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be used to determin@; andm;. The values depend on the as- sm (Gev) M(sBI) (GeV)
sumed value ofn, , : m; = m™e +1.5(mes el —miee) +

3GeV andmg — mj = my"¢ — m%’"“e + 0.5 GeV.

Once several quantities have been measured, one will attempt
to constrain the parameters of the SUSY model by performing a
global fit much as the standard model is tested at LEP [60]. To
get and indication of how well this might work, many choices of
parameters within the SUGRA model were made and those thidure 16: The reconstruction of gluino and sbottom decays
resulted in masses within the expected error were retained [F8m the decay chaifj — y2(— x1(t¢)b. Events are se-
Measurements ofiy,, m,, — m,, andmg — m; with errors lected near the end point of the ¢* mass distribution and
of £5 GeV,£0.50GeV(100) and+3 GeV (1.5¢) respectively the momentum ofy» reconstructed. Twd—jets are then re-
result in the constraintém,;,, = 1.5 GeV, dmy = 15 GeV quired and the mass 6f+ x> (= m; and the mass difference
andd tan 3 = 0.1. Itis clear from this example that precis&ym = my,, — ms,, are computed. The scatterplot in these
measurements of SUSY parameters will be made at LHC if swo variables and the projections are shown.
persymmetric particles exist.

Other supersymmetric models such as the receptigu-
lar models where supersymmetry is broken at a rather low } )
scale]61], can produce signals different from SUGRA mode12SS €nergies of tH&'IV system around 1.5 TeV. New physics
In parti-cularX1 may be unstable and may decayste- G, re- must enter to cure this problem. In the minimal standard model
ducing the missingZr rate (& exits unobserved) but providinganq its supersymmetric version, the cure arises from the pertur-
every supersymmetry event with an additional pair of isolate@ftive couplings of the Higgs bosons. If no Higgs-like particle

photons. We should hope that these models are correct as @#i§tS; then new non-perturbative dynamics must enter in the
signal is trivial to observe at LHC. scattering amplitudes fa#’W, W Z and Z Z scattering at high

energy. Therefore if no new physics shows up at lower mass

) scales one must be able to praig IV, scattering at/s ~ 1
V. Strong Dynamics TeV.

A. Strongly interacting?’s Var'iou_slmodels exist. tha}t can .be used as bepchmarks for this
physics][63]. The basic signal in all of them is an excess of
The couplings of longitudinally polarized gauge bosons tents over that predicted by the standard model for gauge bo-
each other are fixed at low energy by the nature of f@ns son pairs of large invariant mass. In certain models resonant
taneously broken electro-weak symmetry and are independéfiicture can be seen (an example of this is given in the next
of the details of the breaking mechanism. Scattering amplitudggsection). In the standard model, fhie" v+ final state is
calculated from these couplings will violate unitarity at center @he only one where there is no procegs— W W and is there-
3Recall that the current error alyy- from CDF/DO L5-6] comes from an fore expected to have a_ml_JCh smaller background ,than’ for ex-
analysis involvingEZ21* has far fewer events and has an error of order 158mple, theZZ or WV~ final state. Background is present
MeV at a smaller level frongg — Wq¢q proceeding either by gluon
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exchange or via an order’ electroweak process and from the
final statelVt¢. There is a background froh¥ 7 if one lepton

is lost. There is negligible background from charge misidentifi-
cation in either ATLAS or CMS.

ATLAS [5'4] conducted a parton model study of the signal and
background in this channel. Events were selected that have two
leptons of the same sign withy > 25 GeV and| n [< 2.5. If 7 25
a third lepton was present that, in combination with one of the
other two, was consistent with the decay of gmass within <
15 GeV of theZ mass), the event was rejected. This cut is~
needed to eliminate the background fréfaZ and ZZ final %
states. In addition the two leptons are required to have invariant
mass above 100 GeV, to have transverse momenta within QO
GeV of each other and to be separated iby at leastr/2. At ©
this stage, there are there avel 700 standard model events for § 10
a luminosity of 10° pb ~. Of these events roughly 50% are"
from W27 and ZZ final states and 30% fro/¢t. There are
of order 40 signal events depending upon the model used for
the strongly coupled gauge boson sector. Additional cuts are
needed to reduce the background. A jet veto requiring no jets |
with pr > 40 GeV and| 5 |< 2 is effective against th&V ¢t
final state. The requirement of two forward jet tags each with lepton g (GeV)

15 < pp < 130 GeV and| 7 [> 3 reduces théV' W, ZZ and Figyre 17: Thepy spectrum for same sign dileptons in the
W Z background. search for a strongly coupldd' WV sector as simulated by AT-

The remaining baCkgrOUI’ld Of 40 events iS dominated by thﬁs The Signa| Corresponds toalTeV H|ggs boson_
qq — Wqq processes. The signal rates vary between 40 and 15

events depending upon the model. The largest rate arises from
a model where thél/ I scattering amplitude, which is known
at small values of/s from low energy theorems is extrapo-
lated until it saturates unitarity and its growth is then cut off.
model assuming that the dynamicsiéfil/ scattering is simi-
lar to that ofrw scattering in QCD generates approximately
signal events. The case of a 1 TeV standard model higgs bo

is shown in Fig,17. It can be seen that the signal and back-
ground have the same shape and therefore the establishment of .
a signal requires confidence in the expected level of the back- C. Compositeness

grOUnd. The experiment is very difficult, but at full |Umin03ity, There is noa priori reason for quarks to be e|ementary_ If
a signal might be extracted by comparing the ratelf6t W+ they have substructure it will be revealed in the deviations of the
with those forlVZ, W+ -, andZ 7 final states. jet cross-section from that predicted by QCD. The deviation is
A similar study in_ CMS of thavV* W+ final state leads to parameterized by an interaction of the fodmgy* gy g/A?,
similar conclusion :16_38]. Jet tagging (vetoing) in the forwardvhich has a scald. This is regarded as an effective interac-
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More challenging are the possible decays intm-leptonic
odes such agy — W (¢v)mr(bb), which has a signature
tke associatedV H production withH — bb; nr — ti, for
2%/hich the signature is a resonance in thewariant mass; and
— jet jet, for which the signature is a resonance in the dijet
riant mass distribution.

(central) region is essential to extract a signal. tion which is valid only for energies less than The ATLAS
collaboration has investigated the possibilities for searching for
B. Technicolor structure in the jet cross-section at high Figure,V. C. shows

the normalized jet cross sectida/dprdn atn = 0,. The rate

Many models of strong electroweak symmetry breakirig shown as a function gf; for various values of\ and is nor-
(technicolor, topcolor-assisted technicolor, BE§§ [69]) predigtalized to the value expected from QCD. The error bars at two
resonances which decay into vector bosons (or tlogigitudi- values ofpy indicate the size of the statistical error to be ex-
nal components). These signals are very striking since they pegted at that value for luminositiestf* and10® pb~". It can
produced with large cross sections and may be observed inlbeeseen that the LHC at full luminosity will be able to probe
leptonic decay modes of tH& andZ where the backgroundsup to A = 20 TeV if the systematic errors are smaller than the
are very small. statistical ones. Systematic effects are of two types; theoretical

ATLAS have studied atechni-rhpr — W2, with1l — fr, uncertainties in calculating the QCD rates and detector effects.
Z — U, form,, = 1.0 TeV and also a techni-omegay — The former are dependent upon accurate knowledge of the
Z~, with Z — ¢¢, for m,,,, = 1.46 TeV. The backgrounds duestructure functions in the range of interest and upon higher
to ¢f and continuum vector-boson pair production are small asder QCD corrections to the jet cross-sections. Uncertainties
can be seen in Fig.i8. from these sources can be expected at the 10% level.
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Figure 19: Deviation from QCD for various values of the com-
Figure 18: Reconstructed masses for high-mass resonancesggsiteness scal&. The error bars correspond to statical sensi-
caying into gauge boson pairs a simulated by ATLAS: pr tivities at 100 flr! (open circle) and 10 fb'. The dotted lines
of mass 1.0 TeV decaying intd’Z and subsequently into 3refer to the errors induced by possible nonlinearities in the AT-
leptons; andb) wr of mass 1.46 TeV decaying intéy with LAS calorimeter.
Z — 2 leptons.

formation on its nature. ATLAS found that reducing the lepton

Experimental effects are of two types. Mismeasurement dggverage fromy| < 2.5 to || < 1.2 roughly halved the ob-
to resolution and nonlinearities in the detector response. T&@ved asymmetries and prevented discrimination between two
former are at the 20% level; the latter can be more serioggrticularZ’ models which they investigated.
and can induce changes in the apparent shape of the jet Crosgr| oS also investigated their sensitivity to a new charged
section. A non-linearity at the 4% level will fake a composite;ggonii’ decaying intaev. The signal is structure in the trans-
ness signal corresponding fo~ 15 TeV. Other distributions, \erse mass distribution at masses much greatershan Fig-
such as the angular distribution of the jets in a dijet event Sgw 17 shows the signal for a 4 TeW’. They conclude that
lected so that the dijet pair has a very large mass, may be Igg#, 105 p=! one would be sensitive tony: = 6 TeV and

sensitive to the non-linearites. . that the mass could be measured to 50—100 GeV.
A better reach in\ may be obtained from Drell-Yan dilepton

final states, if leptons are also composite. _
VIl.  Anomalous Gauge-Boson Couplings

VI. New Gauge Bosons The trilineartW WV and Z~V couplings ¥ = 7, ~) may be

A generic prediction of superstring theories is the existenpeobed at hadron colliders using diboson final states. Follow-
of additional/ (1) gauge groups. There is thus motivation ting the usual notation, the CP-conservinglV'V' anomalous
search for additiondl’’ and Z’ bosons. The current Tevatroncouplings are parameterized in terms/®fy and Ay, where
limitis 720 GeV foriW’ (D@)[;70]. ky = 1 and\y = 0 in the Standard Model foi’ = Z,+.

ATLAS have studied the sensitivity to a new neut#Zdlbo- In general, we would expect anomalous couplings of order
soninete”, uu and jet-jet final states, for various masses andi, /A? if A is the scale for new physics, so Af ~ 1TeV
couplings|7i]. It is assumed th&lt;, « my.. They find the thenAxy, Ay ~ 0.01. The ZyV anomalous couplings are pa-
best sensitivity in thee mode, in which signals could be seemameterized in terms dfy andh} , wherehy = hY = 0inthe
up tomy: = 5 TeV for standard-model couplings. The otheBStandard Model and deviations are expected t6@be, /A*).
final states would provide important information on tifecou- ~ To maintain unitarity, the observed anomalous couplings must
plings. The pseudorapidity coverage over which lepton identie modified by a form factor; so (for example)
fication and measurement can be carried out is importaritfor
searches: should a signal be observed, the forward-backward 9 AN
asymmetry of the charged leptons would provide important in- Arv(eT) = F s (1)

(L+¢*/App)
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whereArr is the form factor scale and = 2 for Ax, A and

n=3,4forhy, hy. ) Figure 21: 95% CL sensitivity limits frorfil/ =2 — (v, £ 07
The ATLAS collaboration have studiéd}65] their sensitivity tat the LHC(a) in the HISZ scenario an¢b) if only Axz and

anomalous couplings in thé"y andWZ modes; théV*+ W= ), are allowed to deviate from the Standard Model.

signal is swamped byt background. A form factor scale

App = 10 TeV was used. For thE v final state, events were

assumed to be triggered using a high1epton plus highpr Lo
photon candidate. The background includes contributionsfrciggg;i:vzc))’ yielding limits of | Ar z| < 0.07and]Az| < 0.005

eZ\iyE;?tj fvrlll:(tz ;rrsgrll lsﬁtt%nrggfjpigf;! ?2_%t_inj$;@grf éﬁyé ?:Ifle Studie$[6_'-6]. have also been carried out for the 1994 DPF Long

photon with a real lepton (e.g¥ + jet, bb, andtt). Rejection Range Plgnnmg Work;hop. FWZ states, theccw signal only

factors of10* against jets faking photons and® against jets wi\lsiscs:onydered, and' I was requwed t.h%b 25ZG(?V/.C’ qnd

faking electrons were assumed. To reduce backgrounds, ev%%f > 50 GeV. A binned likelihood it to thepy d'St_”bUt'.oin

were selected with]. > 100 GeV/c, pb > 40 GeV /e, and hen yields limits onAxz and/\Z. Wh'ICh are shown in th_. 1.

In‘| < 2.5. Events with jets were also vetoed, to further re'fOr Wy and.ny stgtes, a combination of ATLAS. resolutions

duce backgrounds and to lessen the importance of higher-o ? CDF efslmenmes was asni,?szned. It was requiredthat

QCD corrections. In an integrated luminosity of% ph=', 10 GeV/eipr > 25 G‘;V/C’ Ly > 25 GeV (W only), and

7500 events remain, with a signal to background ratio of 3:4:(¢7) > 110GeV/c® (Zy only). A separation o/ > 0.7
rp_etween the lepton and photon was required, and events with

The p;. distribution is then fitted in the region where the sta ) . . L
o any jet withEr above50 GeV were vetoed. A binned likelihood
dard model predict 15 ts (ab binitGeV/c), S ; o
ard model prediction is 15 events (above a eV /) fit to thep7, distributions then yields limits oA k-, A, k¥ and

yielding limits of | Ak | < 0.04 and|A,| < 0.0025 (95% C.L.). hZ which are shown in F{g22
z 22.

Similar techniques were used for theZ state. The trig- The limits obtained in all the above studies are summarized

ger was three higpr leptons, and the backgrounds are f“”P TabIeEII. It will be possible to prob& ¥V anomalous cou-

Zbb, 7 + jet, bb andtt . E | ith. - - :
¢ > 25+GJ:V,/C |ar2|d< g;oc‘ﬁjses_ 7,\1/e|m<s ‘{Voeéee\s/e;;ctzgdwnp ings with a precision of orde0~! — 10~3 if the form factor

br 3. pmiss ' ZOG V iy b Z IS | ' a scaleArr > 2TeV. This is sufficient to just reach the in-

mr (£, Bf***) > eV/c”; ajet veto was also imposed. Inyg esting region where one may hope to see deviations from the

10 . pb ", 4000 eveZnts'the?n remain, Wlth a §|gna! to backgr.oug ndard model given present limits on the scale of new physics.
ratio of 2:1. Thep# distribution is again fitted in the region

where the standard model prediction is 15 events (above about
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VIII.

Standard Model Physics

A. Top Quark Physics

The potential for the study of the top quark at hadron col-
liders is already apparent. Its recent discovery at the Tevatron
undoubtedly presages a long and fruitful program of top physig§ o nic calorimetry be calibrated to this level in the absolute
studies. The LHC will be a top factory, with about™@ pairs
produced per year at a luminositydf*® cm=2s~!. This would
result in about 200,000 reconstructéd— (¢vb)(jjb) events

and 20,000 cleanu events.

1. Top Mass Measurement

The top mass may be reconstructed fromithes (£1)(j;jb)
final state using the invariant mass of the 3-jet system. ProbleWisdecays and an adibnal lepton fromb-decay, and pliing
arise from the presence of backgrounds, from combinatoritise invariant mass of the lepton pair originating from the same
and from systematic effects due to the detector and the theotep decay, the mass could be determined with a statistical ac-
ical models used. ATLAS'_[l] have estimated that an accuracyracy of+0.5 GeV, and a total accuracy obaut +2 GeV.
of +£3 GeV could be attained. By selecting very high-top The dominant systematic errors arise from uncertainties in the
quarks, where the decayquiucts are boosted and thus closé-quark fragmentation and are therefore complementary to the
combinatorics may be reduced, and the mass measured to Bget system which is dominated by calorimeter and jet system-
haps+2 GeV. This measurement requires, of course, that thécs.

Channel ‘ Study ‘ Limit

DPF Arpp =3TeV:
|AKY| < 0.080
IA] < 0.0057
App =10 TeV:
|AKY] < 0.065
IA2] < 0.0032
App =10 TeV:
|AK] < 0.04
[A2] < 0.0025

pp — Wi'y — eiy'y

ATLAS

pp = WEZ = ik DPF

(= e, pu, HISZ [B7]

App =3 TeV:
—0.0060 < Alﬁjg < 0.0097
—0.0053 < /\2 < 0.0067

App =10 TeV:
—0.0043 < AxY < 0.0086
—0.0043 < /\3 < 0.0038

DPF Arpp =3TeV:
—0.064 < Ak% < 0.107
—0.0076 < A% < 0.0075
App =10 TeV:
—0.050 < AxkY < 0.078
—0.0043 < A% < 0.0038
App =10 TeV:
|AKY| < 0.07
IAY] < 0.005

pp = WEZ = vl
C=e,pu,Agf =0

ATLAS

DPF App = 1.5 TeV:
|hZ,| < 0.0051
|hZ)] < 9.2-107°
App =3 TeV:

|hZ,] < 0.0013

pp — Zy —ete

|hZ,] < 6.8 1076

=
[

Table II: Expected 95% CL limits on anomalosiW'{, V' =

~, 74, andZ Z~ couplings from experiments at the LHC. Only
one of the independent couplings is assumed to deviate from
the SM at a time. The limits obtained f&ry~ couplings almost
coincide with those found fokZ andh?.

energy scale and that its response be stable over time. CMS
have investigated the possibility of in-situ calibration of the jet
response within top events by reconstruction of the hadridhic
decays, a posdility already evident in the present CDF and D@
data.

The mass may also be reconstructed from dilepton events.
ATLAS estimate that, by selecting events with two leptons from
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1. Search for Charged Higgs ity to enable vital discoveries to be made and will lead to insight
In extensions of the standard model with charged hig' o the mass generation mechanism of the standard model. The
bosonsH*, such as in the MSSM, the decay— bH= may ery detailed simulation studies carried out by the ATLAS and
compete with the standatd— 517 * if kinematically allowed. CMS Co!laborgtlons enable one to ma.ke the following state-
The H* decays torv or ¢s depending on the value ofin 3. MeNts with ahigh degree of confidence:-

O‘fr most of the rangé < tanf < :5t0, the decay mode | the minimal standard model is correct and the higgs bo-
H* — rv dominates. The signal faif = production is thus son is not discovered at LEP II, it will be found at LHC.
an excess of taus produceditrevents.

Both ATLAS[74] and CMS[78] have investigated the sensi- e If supersymmetry is relevant to the breaking of elec-
tivity to this excess. Top events with at least one isolated high- troweak symmetry, it will be discovered at LHC and many
pr lepton are selected, and the number having an additional tau details of the particular supersymmetric model will be dis-
compared with the number having an additionar . Both entangled.
studies used-tagging to reduce the backgrounds to top produc- ) ) . .
tion. Taus were identified in a way very similar to that described ® !f the Higgs sector is that of the minimal supersymmetric
earlier (in the section oA, H — 7 searches). The uncertainty ~ M°del, at least one Higgs decay channel will be seen, no
in the tau excess is estimated to-b&%, dominated by system- ~ Matter what the parameters turn out to be. In many cases,
atics. For an integrated luminosity 06* pb™", both ATLAS several Higgs bosons or decay channels will be seen.
and CMS conclude that over most of tten 5 range, a signal
can be observed at ther level formg+ < 130 GeV, which
corresponds to the regiam, < 120 GeV in themy, tan 3
plane.

o If the electroweak symmetry breaking proceeds via some
new strong interactions, many resonances and new exotic
particles will almost certainly be observed.

¢ New gauge bosons with masses less than several TeV will
1. Rare Top Decays be discovered or ruled out.

The large statistics available at LHC will provide sensitivityto great opportunity and a vast amount of excitement is

other non-standard or rare topaays. As an example, ATLAS .o mised to those physicists fortunate enough to be part of an
have investigated the chanrtel> Zc[d], which should occur | ,~ experiment.

at a negliglible level in the SM. With an integrated luminosity
of 10° pb™", branching ratios as small &sx 10~ could be
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