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PhysicsGoalsof the LHC

The Standard Model of particle physicsis a particular QuantumFieldTheory that represents
our best understandingof particlesand their interactions.

The standard model is verypredictiveandhassurvivednumerousprecisetestsoverthe years.

The only particle of the standard model that we havenot observedis the Higgsboson.

Despiteits success,we havereasonto believethat it is not the wholestory: we expect that
therewill be somedeviationfrom the standard model near the TeV energyscale.

Physicsbeyond the standard model includes:SuperSymmetry(SUSY),extraspace-time
dimensions,newhigh-massresonances,etc.

The LargeHadronCollider(LHC) at CERNand the two largemulti-purposedetectors
(ATLAS andCMS) havebeenbuilt speci¯cally to ¯nd the standard model Higgsboson(if it
exists)andexplore the theoretical landscape of beyond the standard model.
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The HiggsBoson

The Higgsmechanismprovidesa gaugeinvariant theory of Electroweak
interactionswith massiveW § andZ bosons

L Higgs = (@¹ Á)y(@¹ Á) ¡ V(Á)

V(Á) = ¹ 2ÁyÁ+ ¸ (ÁyÁ)2

SpontaneousSymmetryBreaking
) GoldstoneBosons
) longitudinalstatesof W § andZ

Theory predicts:
- gH W W / mW

- gH f f / mf

- gH H H / m2
H =mw

- gH H H H / m2
H =m2

W

The HiggsMassis unknown in the S.M., but expectedto be . 1 TeV
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MSSMMotivation

While the standard model Higgsgivesus massiveW §

andZ bosons,it alsointroducesquadraticdivergences
in the Higgs'selfenergy.

Onesolutionis to introduceSupersymmetry, which
providesa fermion$ bosonsymmetry, newloops,and
§ 1 factors that cancelthe divergencesexactly

Becausewe havenot observedSUSYpartners,SUSYmust be broken in
nature

MSSMparametrizessoft SUSY-breakingtermswith 105parameters

mSUGRA,mAMSB,mGMSB,etc. are speci¯c, well-motivatedtheorieswith
fewer parametersandrestrictedphenomenology
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MSSMHiggsSector

The MSSMrequirestwo Higgsdoublets,whichgiveriseto 5 physically
observableHiggsbosons:h, H , A, andH § .

Unlike the SM, thereis a theoretical limit on the massof the lightestHiggs
Mh < 135GeV

The MSSM Higgs sector is usually
parametrizedby M A and tan ¯ = v1=v2

The h and H bosons are standard-model-
like with couplingsmodi¯ed by functions like
cos(̄ ¡ ®) andcos(®)=cos(¯ ).

Thus,moststandard modelHiggssearchescan
be reinterpretedin the MSSMHiggssector
(usingtools like FeynHiggs)
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Motivation for a Light Higgs

Electroweakprecisionmeasurementsare indirectlysensitiveto the Higgs
massthroughradiativecorrectionsthat go like / log(mH )
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Motivation for a Light Higgs

Resultsfrom direct searchesfor the Higgsat LEP:
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LEP direct search limit places
MH > 114:4 GeVat 95%Con¯dence

The low massregionis veryexcitingandverychallengingfor the LHC!
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TevatronPotential
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TevatronPotential
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ProductionandDecay of the Standard Model Higgs@the LHC
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- Gluon-GluonFusiondominantproductionprocess.
- Vector BosonFusion(H qq) ¼ 20%of gg at 120GeV
- Associated production with W; Z and heavy quarks have

smallrate, but canprovidetrigger independentof H decay
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ProductionandDecay of the Standard Model Higgs@the LHC
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BR(H)

bb
_

t +t -

cc
_

gg

WW

ZZ

tt-

gg Zg

MH [GeV]
50 100 200 500 1000

10
-3

10
-2

10
-1

1

10
2

10
3

- For mH < 2mW Higgsmainlydecays to fermions
- Couplings/ mf , so look for H ! bb;¿¿
- BR(H ! b¹b) dominantat low mass,but needtrigger
- H ! ZZ ! 4l andH ! ° ° gold-platedchannels
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The ATLAS Detector

- Length¼ 40 m
- Radius¼ 10 m
- Weight ¼ 7000tons
- # ReadoutChannels¼ 108

Sub-detector Highlights

- Tracker: Si pixels+ strips + Transition
RadiationTracker (TRT), B=2T
¾=pT ¼ 5 ¢10¡ 4pT © 0:01

- EM Calorimeter: Pb - liquid Ar
¾=E ¼ 10%=

p
E

- HadronicCalorimeter:
Fe-scint+ Cu-liquidAr (10̧ )
¾=E ¼ 50%=

p
E © 0:03

- Muon Detectors:
¾=pT ¼ 10%at 1 TeV

- Non-compensatingcalorimeter:
e=h» 1:3

The ATLAS detector is a multipurposedetector...
°exibleenoughfor the surpriseswhichmay lie ahead!

March 14, 2006

University of PennsylvaniaSeminar
Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 12)

Kyle Cranmer

Brookhaven National Laboratory



The CMSDetector
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The LHC

- 26 km in circumference

- p-p @
p

s = 14 TeV

- InstantaneousLuminosity
¼ 1033 ¡ 1034 cm¡ 2s¡ 1

- \pile-up" : 2-20 inelasticcollisions
per bunchcrossing

- 40 MHz bunchcrossings
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The ATLAS TriggerSystem

The Atlas trigger is basedon a 3-leveldesign

~10 ms

<2.5 ms

~1s

Level1 is in hardware, Level2 & EventFilter
are called\High-LevelTrigger" implemented
in software.

Level2 constrainedto \Regionsof Interest",
EventFilter hasaccessto entireevent

Output rate » 200Hz. EventSize» 2MB
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.

TheAnalyses
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ExampleAnalyses:H ! ° °
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- ExcellentEM Calorimetry neededfor ¢ M H =MH ¼ 1%

- Excellent° =jet separation needed

- Convincingsignalwith sidebandsubtraction

- Often associatedwith a hard jet (or 2 µa la VBF), which
canbe usedto improveS/B & reducesensitivity to systematics
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ExampleAnalyses:H ! ZZ ! 4l

Consideredthe \golden channel"

EventDisplay for H ! ZZ ! 2e2¹

- Powerful if mH > 130GeV

- RecentanalysesuseMC@NLOfor Signal
& Background

- Providesprecisemassdetermination
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ExampleAnalyses:H ! ZZ ! 4l

Consideredthe \golden channel"

EventDisplay for H ! ZZ ! 2e2¹

- Powerful if mH > 130GeV

- ProvidesspinandCP measurement
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RecentProgress

Additional Channels:
- ATLAS & CMSincludedVBF H ! WW andVBF H ! ¿¿ channels
- Correspondingupdatesto SUSYscans& couplingmeasurements
- Many newchannelsunderinvestigation:ttH (H ! WW; ¿¿); ZH (H ! ° ° ); etc. !

Improved Monte Carlo:
- NLO & NNLO x-sec.generators (MCFM, PHOX,etc.) andeventgenerators (MC@NLO)
- Higher-order tree-levelgenerators (MadEvent,Alpgen,etc.)
- Matrix Element- Parton Shower matching(CKKW, MLM, Sherpa,etc...)
- NewUnderlyingEvent& Min-Biastunings(Pythia, Jimmy)

Improved Realism in Simulation:
- Most channelsstudiedwith Geant3or Geant4andusereal reconstructionalgorithms
- Studieswith Pile-up,underlyingevent,electronicnoise,cavernbackground,etc.
- Determinebackgroundcontrol samplesfrom data, estimationof systematics,etc.
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HiggsDiscoveryPotential 1999! 2003
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ATLAS

HiggsPotential in ATLAS TDR (1999)
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ATLAS

Addition of Vector BosonFusionChannelsat
Low massSN-ATLAS-2003-024

Both ATLAS andCMScoverentireSM Higgsmassrangeearly in LHC running
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VBF H ! WW ! llº º : Scienti¯c Note Results
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F Basedon work of Rainwater, Zeppenfeldin 1999-2000(hep-ph/9906218)

F Usedfast simulation(90% leptone±ciency)& LO t¹t M.C.

F Can't reconstructmH , only \transversemass"mT

F Dominatedby irreduciblet¹t+jets andWW+jets background

F Possiblediscoverychannelfor M H > 125GeVwith 30 fb¡ 1
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GeneralPurposeTree-LevelMonte Carlo

To evaluateVBF channels,needZ j j , WWj j , & t¹tj matrix elementfor high-pT forward jets
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� �
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Parton-Shower severelyunder-estimateshigh-pT tail.

For ATLAS scienti¯c note, we worked with Zeppenfeldto
interface backgroundMatrix Element code to Showering &
Hadronizationgenerators likePythia andHer wig (MadCUP)

Now we mainly rely on generalpurpose tools like MadEvent,
Alpgen,& Sherpa
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Usesof Multivariate Methods

Complex̄ nal state of VBF H ! WW ! llE miss
T well-suitedfor multivariate methods

Used7 variables:
¢ ´ l l , ¢ Áll , M ll , ¢ ´ j j , ¢ Áj j , M j j , MT

Compared NeuralNetworks, GeneticProgram-
ming, andSupport Vector Regression

q

q

W

W

H
W +

W ¡

º

l+

l ¡

¹º

Ref. Cuts low-mH Cuts NN GP SVR
120ee 0.87 1.25 1.72 1.66 1.44
120e¹ 2.30 2.97 3.92 3.60 3.33
120¹¹ 1.16 1.71 2.28 2.26 2.08
Combined 2.97 3.91 4.98 4.57 4.26
130e¹ 4.94 6.14 7.55 7.22 6.59

Table1: Expectedsigni¯cancein sigmaafter 30 fb¡ 1 for two cut analysesand three multivariate analysesfor
di®erentHiggsmassesand ¯nal state topologies.
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The VBF H ! ¿¿ channelandWhy It's Important
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Plehn,et. al hep-ph/9911385
Most powerful channelnear LEP limit andveryimportant for MSSM.
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VBF H ! ¿¿: Scienti¯c Note Results

F Basedon work of Rainwater, Zeppenfeld,Hagiwara, Plehnin 1999-2000
F Usedfast simulation:90%leptone±ciency, parametrized¿-id, etc.
F Possiblediscoverychannelfor M H = 115-140GeVwith 30 fb¡ 1

F Dominatedby irreducibleZ ! ¿¿ background
F Publishedin: Eur. Phys. J., C 32 (2004) 19-54& SN-ATLAS-2003-024
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SimulatingThe ATLAS Detector

AtlF ast
ATLAS Atlantis Event: atlfast_7.0.2_2558_00019
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Weak/Vector BosonFusionH ! ¿¿

  

j
j

H

t
t h
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MissingETis the dominantexperimentalissue

Unexpectedcomplicationsfrom ¯nely
segmentedcalorimeterandnoisesuppression

SeveralGeVof biasin MissingETif onesimply
cuts all cellswith E < 2¾noise

Translatesinto biason m¿¿

Thereis still on-goingwork with the
full simulation, but fast simulation results
seemto be generallyrobust

Complementarity of h ! ¿¿ andH ! ¿¿
allows this channel to cover most of the
MSSMHiggsplane.
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Collinear Approximation& CentralJet Veto

Mass Reconstruction:
Observe

Higgs can be reconstructed

and visible Tau�decay products
missing transverse momentum

Assume Tau decay products
collinear with original Tau

Solve 2 linear equations
for the neutrinos

Taus can be reconstructed

x¿h =
hx ly ¡ hy lx

hx ly + =px ly ¡ hy lx ¡ =py lx

x¿l =
hx ly ¡ hy lx

hx ly ¡ =px hy ¡ hy lx + =py hx

Some Comments:

After jet cuts, M ¿¿ is the only discrimination
we usebetweenZ ! ¿¿ andH ! ¿¿

Collinear approximationdoesn't take into
accountMissingETresolution

De¯ne x¿: fraction of ¿'s momentumin visi-
ble decay product

M¿¿ =
p

2(Eh + Eº h)(El + Eº l )(1 ¡ cosµ¿¿)

is equivalentto M ¿¿ = M llp
x¿l x¿h

only when0 < x¿ < 1
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MassConstraintsand¢ Â2 (Cranmer)

M
is

si
ng

ET
 w

ith
 H

ig
gs

M
as

s 
C

on
st

ra
in

t

MissingET with Z Mass Constraint

Contour

Visible Tau Decay Products

MissingET Measured MissingET

Higgs Mass Constraint
Best Fit of MissingET with

Best Fit of MissingET
with Z Mass Constraint

Visible Tau Decay Products

WeObserveMissingETandvisible ¿ decay products.
From

P
jET j we know 1¾MissingETcontour

Assumingº 's collinear with ¿'s the MissingETcanbe
- Constrainedto HypothesizedHiggsMass
- Constrainedto Z Mass
- x¿l = (M 2

l l =M 2
0 ) =x¿h

Kinematic ¯ts can be used to ¯nd hypothetical
MissingETmost consistentwith observedMissingET
andmassconstraint.Eachhasit's own Â2

Finally, ¢ Â2 quanti¯esif eventis more consistentwith
H ! ¿¿ or Z ! ¿¿

Leadsto a low- and high-purity sample. Preliminary
resultsverypromising.
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Progresson Systematics
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ttH (H ! bb)

J. Cammin& M. Schumacher,ATL-PHYS-2003-024(nice thesisby J. Cammin)
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- This is(was)oneof the fewpowerful
channelsnear the LEP limit

- Do ATLAS andCMSresultsagree?

Combinatorial background is chal-
lengingwith 4b-jetsand¸ 6 jets total

Signale±ciencygoeslike ²4
b

Signal& bkgnd. havesimilar shape

Estimatingttj j and ttbb background
from data di±cult, largesystematics

It's not clear if this channelwill ever
reach5¾
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A note on systematicerrors

Backgrounddeterminationfrom sidebandscarriestwo sourcesof error:

- ClassI: statisticalerror from sidebandmeasurement

- ClassII: systematicon extrapolation from sidebandto signal-like area(shape systematic)

The shape systematicdoesnot (necessarily) reducewith increasedluminosity
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Saturation of Signal Significance
Ns Significance Contours

Normal signi¯cancemeasures=
p

b
is replacedby s=

p
b(1 + b¢ 2)

If s=bis ¯xed as we increaseluminosity, the expected
signi¯cancesaturates:

¾1 =
s=b

¢ shape

With its low S=B and10%shape systematic,
ttH (! bb) can't get to 5¾evenwith L ! 1
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The H ! ° ° Example

SystematicError on backgroundfor H ! ° ° usuallyconsiderednegligible
S. Paganis& I Testedbackgroundpredictionfrom side-bandwith ToyMC
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SystematicError is small,but not negligible:
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ClassII Systematicsfor H ! ° °

At PhyStat2003,Sinervoprovideda classi¯cationof systematicerrors.

The backgrounduncertainty discussedon pre-
viousslideis anotherstatisticalerror (ClassI)

In the H ! ° ° example,there is alsouncer-
tainty ontheshapeof thecontinuumM ° ° spec-
trum.

These shape uncertaintiesimpact the back-
ground prediction from the sideband,and do
not scalelike statisticalerrors (ClassII)

Class II systematicsunder investigation for
H ! ° °

Box

Born

Mass (GeV)

s
d 

  /
dM

 (
pb

/G
eV

)

Two plausibleshapesfor the
continuumM ° ° spectrum.
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Comparisonof VariousStatisticalMethods

At PhyStat2005,I compared the most commonstatisticalmethods to incorporate
backgrounduncertainty in signi¯cancecalculation.

contours for b true=100, critical regions for t  = 1
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x
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(ovalsindicatecontoursof true pdf)

Simpleexamplewhere:
- sidebandis samesizeassignal-like region
- truth = 100backgroundevents

x = eventsin signallike region

y = sidebandmeasurement= backgroundes-
timate

lines= discoverycriterion

Clearly the backgrounduncertainty needsto
be incorporated

Large variation in discoverycriterion (§ 15
events),and most give too manydiscoveries
whensignalis absent
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CouplingMeasurements
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CouplingMeasurements

M. DÄuhrssen,et. al. ATL-PHYS-2003-030& Phys.Rev.D70:113009,2004(hep-ph/0406323)
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Ratiosof partial widths
to within 20%with 30 fb¡ 1
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 L dt=2*300 fbò
-1WBF: 2*100 fb

Weakassumptions:
g(H; V) < 105%g(H; V; SM )

allow for unobserveddecays & newloops

Absolutecouplingsmeasured
to within 10%with 2£ 300 fb¡ 1
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Progresson SystematicError

GF 20%
t¹tH 15%
WH 7%
ZH 7%
WBF 4%
gg ! H gg 100%

Table 2: Theoretical QCD and PDF uncertainties on the
various Higgs boson production channels. The channel
gg ! H gg was added to all WBF analysesat 10% of the
WBF rate with an uncertainty of a factor 2.

H

(c)

V. DelDuca,C. Oleari, D. Zeppenfeld,et. al.
hep-ph/0108030

¢ Áj j can be usedto ¯t relativecontribution
from gg ! H gg

Shouldreducesystematicerror considerably.
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TheNear Future:

TheTimelinefor Startup
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In an IdealWorld...

Evenincludingour (naive?)estimatesof systematics,the standard model
Higgscanbe discoveredwith 1-15fb¡ 1 of data
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 qqWW®qqH
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 bb®ttH,H
n ln l® WW®H

Combined

Working plots with updated statistical methods.

Of course,that's well understood data. How long will that take?
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CommissioningTimelinefor Atlas
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Examplesfrom Atlas CosmicRay Commissioning

March 14, 2006

University of PennsylvaniaSeminar
Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 44)

Kyle Cranmer

Brookhaven National Laboratory



Timelinefor the LHC Commissioning
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TheDistantFuture:

An LHCUpgrade
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What the LHC Will & Won't Do

Will Do

Discovery of SM Higgs:
} SM Higgs could be discoveredover full

massrangewith 30 fb¡ 1

} SeveralChannelsAvailable,VBF a big im-
provement

Measurements of Higgs Parameters:
} Masses0.1 - 1%
} Ratiosof Widths 10-60%
} Couplings15-50%

MSSM Higgs:
} Covermostof M A ¡ tan ¯ planein » 1year
} Many prospects to distinguish SM from

MSSMHiggssectors (eg. chargedHiggs)

Won't Do

At All:
} Measurementsof HiggsSelf-Coupling
} Observe/DiscoverH ! ¹¹ ?

In Some Cases:
} DistinguishSM from MSSMHiggsSector

(small tan ¯ )

As Well as SLHC:
} CouplingMeasurements
} Rare Decays H ! ¹¹
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Super-LHC

H ! ZZ ! ee¹¹

SeeWesleySmith's talk:
http://cmsdo c.cern.ch/cms/TRIDAS/tr/0508/Smith ILC SLHC Aug05.pdf
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ImprovedCouplingMeasurements

Resultsfrom mainSLHCpublication:hep-ph/0204087
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SLHCwill signi¯cantly improvecouplingmeasurements.

By the endof the LHC, we shouldunderstandforward jets andcentraljet veto muchbetter!

Many newchannelssincethis study, shouldbe revisited.
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ExtendedSUSYHiggs

" SLHCextendsdiscoverypotential
. for HeavyHiggs.

Useof H=A ! SUSYparticles is model dependent.

H=A ! Â0
2Â0

2 ! 4l contributesin the regionwhere
only h is seendecaying to SM particles

# SLHCcanextenddiscoverypotential for
. H=A ! Â0

2Â0
2 ! 4l
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HiggsSelfCoupling

hep-ph/0211224
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Parton-level:
- ¸ H H H = 0 canbe excludedat 95%CL
- ¸ H H H determinedat 20-30%

ATLAS andCMSstudiesstill preliminary

Plehn& Rauch@MPI hep-ph/0507321
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Interferencebetweendiagramsimportant

Variation in trilinear self-couplingdominates

No hope of measuringquartic self-couplingat
SLHCor VLHC
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Summary

If the standard model Higgsis there,we shoulddiscoverit relativelyearly at the LHC

Severalchannelsare available:opportunity to measureHiggscouplingsto 15-50%

Recente®ort is a mix of theoretical developments,improvedrealismin detector simulation,
andmore sophisticatedanalysistechniques

Most of the SUSYHiggsplaneis coveredby the LHC undermost well-motivatedscenarios.

LHC will not observeHiggsself-coupling.Many measurementsanddiscoveryreachare
statistics-limited.) motivationfor a luminosity upgrade:\SuperLHC"

We havelots to do before turn-on!
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Backup
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LHC Commissioning(L. EvansFeb. 06)
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LHC Commissioning(L. EvansFeb. 06)
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LHC Commissioning(L. EvansFeb. 06)
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LHC Commissioning(L. EvansFeb. 06)
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Multivariate Analysisvs. EventWeighting

In additionto multivariate techniques, the most powerful search considers:

Likelihood of experiment= ¦ likelihood of eachevent

This wasdoneby LEP HiggsWG and follows from the Neyman-PearsonLemma

Essentially, weight eacheventby log(1 + s=b)
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Migrating LEP Statisticsto the LHC

LEP HiggsWorking groupdeveloped formalismto combinechannelsand take advantageof
discriminatingvariablesin the likelihood ratio.

Q =
L(xjH1)
L(xjH0)
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Hu and Nielsen'sCLFFTusedFourierTrans-
form and exponentiation trick to transform
the log-likelihood ratio distribution for one
eventto the distributionfor an experiment

Cousins-Highlandwasusedfor systematicer-
ror on backgroundrate.

Gettingthis to work at the LHC is tricky nu-
mericallybecausewe havechannelswith ni

from 10-10000events(physics/0312050)
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The MSSMplanewith 30 fb¡ 1

a r k u s  Sc h u m a c h e r ,   Un i v e r s i t ä t  Bo n n DPG Fr ü h j a h r s t a g u n g ,  a i n z ,  2 9 .3 . 2 0 0 4  8
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J et

J et
Complementarity of VBF h ! ¿¿ and
H ! ¿¿ coversalmost all the plane
not excludedby LEP

Alsoshown:

- VBF h ! WW

- VBF H ! WW

Thereare more recentATLAS resultsfrom M. Schumacher
(with systematicerrors), but they are still preliminary.
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