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The Hadron Collider IdeaThe Hadron Collider Idea
•• Similar to a collision between two bags Similar to a collision between two bags 

of rocks.of rocks.

•• Occasionally two stones or Occasionally two stones or ““partonspartons””
will collide.will collide.

•• But youBut you’’ll never know which two collide ll never know which two collide 
and how much energy they carry.and how much energy they carry.

•• For the proton the For the proton the ““partonspartons”” are quarks are quarks 
and gluons.and gluons.
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A Bit More FormalA Bit More Formal

•• FeaturesFeatures
–– The initial states are composed of quark and gluon The initial states are composed of quark and gluon 

distributions ( absent for electrondistributions ( absent for electron--electron machines)electron machines)
–– As with Rutherford scattering the hard scatter can be As with Rutherford scattering the hard scatter can be 

described quite welldescribed quite well
–– Particles can radiate form incoming and outgoing Particles can radiate form incoming and outgoing partonspartons
–– The unThe un--scattered scattered partons partons form an form an ““underlyingunderlying”” event (also event (also 

absent for electronabsent for electron--electron machines)electron machines)
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Very FormalVery Formal
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QCD: Quantum QCD: Quantum ChromoDynamicsChromoDynamics
•• A gauge theory (like electromagnetism)A gauge theory (like electromagnetism)

–– describes fermions (quarks) which carry an SU(3) charge describes fermions (quarks) which carry an SU(3) charge 
((colorcolor))

–– interact through the exchange of vector bosons (gluons)interact through the exchange of vector bosons (gluons)
•• Interesting features:Interesting features:

–– gluons themselves have gluons themselves have colorcolor
–– interactions are stronginteractions are strong
–– coupling constant between quarks and gluons runs rapidlycoupling constant between quarks and gluons runs rapidly
–– weak at momentum transfers above a few GeVweak at momentum transfers above a few GeV

•• QQ22 is the momentum transfer between the is the momentum transfer between the partons partons 
related to related to MandlestamMandlestam variable variable t t 22 = (= (pp11--pp33))22

s Q2 12
33 2 n f ln Q2 2
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A Bit of Quark HistoryA Bit of Quark History
•• These features lead to a picture where quarks and These features lead to a picture where quarks and 

gluons are bound inside hadrons if left to themselvesgluons are bound inside hadrons if left to themselves
•• Behave like Behave like ““freefree”” particles if probed at high momentum particles if probed at high momentum 

transfer: transfer: asymptotic freedomasymptotic freedom (This year(This year’’s noble!)s noble!)
•• This is exactly what was seen in deep inelastic This is exactly what was seen in deep inelastic 

scattering experiments in the late 1960scattering experiments in the late 1960’’s which led to s which led to 
the genesis of QCDthe genesis of QCD
–– electron beam scattered off nucleons inelectron beam scattered off nucleons in

a targeta target
–– electron scattered from pointelectron scattered from point--like constituents inside the like constituents inside the 

nucleonnucleon
–– ~ 1/sin~ 1/sin44((θθ//2) behaviour like Rutherford scattering2) behaviour like Rutherford scattering
–– other (spectator) quarks do not participateother (spectator) quarks do not participate
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One More Ingredient: One More Ingredient: 
FragmentationFragmentation

ααss is large (large distances = low momentum scales)is large (large distances = low momentum scales)

•• Strong field = lots of gluon radiation between scattered Strong field = lots of gluon radiation between scattered 
quark and quark and colorcolor--ed remnant of the nucleoned remnant of the nucleon

•• Energy required for separation is large compared to pair Energy required for separation is large compared to pair 
production energy.production energy.

•• Quarks and gluons produced in the Quarks and gluons produced in the ““wakewake”” of the of the 
outgoing quark recombine to form a outgoing quark recombine to form a ““sprayspray”” of roughly of roughly 
collinear, collinear, colorlesscolorless hadrons: a hadrons: a jet jet 

•• This process is known as: This process is known as: ““fragmentationfragmentation”” or or 
““hadronizationhadronization

e e

p q 
q
q

γ

So what happens to a quark that is knocked So what happens to a quark that is knocked 
out of the proton?out of the proton?
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A Descriptive Example: Jet ProductionA Descriptive Example: Jet Production

•• Parton Parton distribution functions determine incoming distribution functions determine incoming 
energyenergy

Collider energy (center of mass) = 1.96 TeVCollider energy (center of mass) = 1.96 TeV
PartonParton energy (center of mass) = xenergy (center of mass) = x11xx22ss

•• Probability of gluon exchange dictated by full Probability of gluon exchange dictated by full 
theory of QCD.theory of QCD.

•• Strength of Strength of parton parton scatter given by coupling scatter given by coupling 
constant, momentum transferconstant, momentum transfer

•• Final state requires fragmentation.Final state requires fragmentation.

jetqq (x2)

qq (x1) jet
antiproton
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Hadron Collider VariablesHadron Collider Variables
•• The incoming The incoming parton momentaparton momenta xx11 and xand x22 are unknown, and are unknown, and 

usually the beam particle remnants escape down the beam pipeusually the beam particle remnants escape down the beam pipe
–– longitudinal motion of the centre of mass cannot be longitudinal motion of the centre of mass cannot be 

reconstructedreconstructed

•• Focus on transverse variablesFocus on transverse variables
–– Transverse Energy ETransverse Energy ETT = E sin = E sin θθ (= (= ppTT if mass = 0)if mass = 0)

•• And Longitudinally boostAnd Longitudinally boost--invariant quantitiesinvariant quantities
–– Pseudorapidity  Pseudorapidity  ηη = = –– log (tan log (tan θθ/2) particle production /2) particle production 

typically scales per unit rapiditytypically scales per unit rapidity

θ

Eη=0 (=90°)

η=1 (~40°)

η=2 (~15°)
η=3 (~6°)

η=–1
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An Example:An Example:
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A Real Event !A Real Event !
(see Slide 8)(see Slide 8)

6.6. Homework Problem: Homework Problem: 
–– Energy Jet 1 = 500 GeVEnergy Jet 1 = 500 GeV
–– Energy Jet 2 = 450 GeVEnergy Jet 2 = 450 GeV
–– They are both at They are both at ηη=0 =0 

and 180 degrees apart and 180 degrees apart 
in azimuthin azimuth

–– What is the What is the dijetdijet mass?mass?

η

0

φ

90
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Counting (q and g) Jets:
Inclusive Jet Cross Section as a

Test of the Standard Model (QCD)
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More HomeworkMore Homework

7.7. Calculate the central jet cross Calculate the central jet cross 
section for 900 jets observed with section for 900 jets observed with 
90% efficiency in the range 90% efficiency in the range 
295<ET<305 GeV and 295<ET<305 GeV and ––0.5<0.5<ηη<0.5 <0.5 
and produced with a luminosity of and produced with a luminosity of 
0.3 0.3 fbfb--11

8.8. What would be the statistical What would be the statistical 
error? error? 
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Inclusive Jet Cross SectionInclusive Jet Cross Section
?? Probes the hard Probes the hard 

interaction vertex over interaction vertex over 
many decades in many decades in 
momentum exchangemomentum exchange

?? Probes for deviations Probes for deviations 
from from pQCDpQCD at small at small 
distance scales distance scales 

?? Sensitive to Sensitive to pdfspdfs and and 
running of running of ααss

?? Cross section falls by Cross section falls by 
seven orders of seven orders of 
magnitude from 50 to magnitude from 50 to 
450 GeV450 GeV

?? Good agreement with Good agreement with 
QCD over the whole QCD over the whole 
rangerange

PRL 86, 1707 (2001)
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Data Consistent with a Number Data Consistent with a Number 
of Possible of Possible PDFsPDFs

f(x)

x

quarks

gluons
1
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Jet Cross Sections Probe Jet Cross Sections Probe 
New PhysicsNew Physics

•• If quarks contain smaller If quarks contain smaller 
constituents constituents 
–– constituent interactions have a constituent interactions have a 

scale scale ΛΛ
–– at momentum transfers << at momentum transfers << ΛΛ, , 

quarks appear quarks appear pointlikepointlike and and 
QCD is validQCD is valid

–– as we approach scale as we approach scale ΛΛ, , 
interactions can be interactions can be 
approximated by a fourapproximated by a four--
fermionfermion contact term:contact term:

–– at and above at and above ΛΛ, constituents , constituents 
interact directlyinteract directly

Proton
Quark

Preons?

q q

q q

2
ˆ
Λs

s

α

EETT coscosθθ
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DDØØ Dijet Angular DistributionDijet Angular Distribution

95% CL Compositeness 
Limit:

 Λ(+,−) ≥ 2.1 - 2.4 TeV

Mass > 635 GeV/c2

Pure 
Rutherford 
scattering

QCD
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Electroweak Vector Electroweak Vector 
Boson Boson 

ProductionProduction

•• Recall our introductory lecture?Recall our introductory lecture?
•• Especially interesting physics as Especially interesting physics as 

the bosons couple to both quarks the bosons couple to both quarks 
and leptons. and leptons. 

•• W and Z boson masses test W and Z boson masses test 
electroweak theory electroweak theory 

•• Lepton signals experimentally Lepton signals experimentally 
distinct.distinct.

p

p
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W/Z Production at Hadron CollidersW/Z Production at Hadron Colliders

• General Characteristics

• Production dominated byqq
annihilation 
(~60% valence-sea, ~20% sea-sea)

• Due to very large pp → jj production, 
need to use leptonic decays to 
extract signal

• Higher order QCD corrections:

• Boson produced with mean pT ~ 10 
GeV

• Boson + jet events (W+jet ~ 7%, 
ET

jet > 25 GeV )

p q 

q 
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Experimental Signature: Experimental Signature: ZZ?? µµ++µµ--

•• A pair of charged A pair of charged 
leptons:leptons:
–– high high ppTT

–– isolatedisolated

–– oppositeopposite--chargecharge

•• Redundancy in trigger Redundancy in trigger 
and offline selectionand offline selection

•• Low backgroundsLow backgrounds

•• Control of Control of systematicssystematics
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Select Events, Calculate Select Events, Calculate Dilepton Dilepton 
Mass, Calculate Cross SectionsMass, Calculate Cross Sections

•• Event selection:Event selection:
–– Two central tracks:Two central tracks:
–– µµ--id with id with ppTT > 15 GeV> 15 GeV
–– opposite chargeopposite charge
–– ||??| < 1.8| < 1.8
–– More than 1 isolated More than 1 isolated µµ

•• Calculate Cross Section:Calculate Cross Section:
–– eetotaltotal = 19% = 19% 

–– For MFor Mµµµµ > 30 GeV> 30 GeV
NNcandcand = 6126= 6126

–– ??L L = 117 = 117 pbpb--11

•• Homework 9:Homework 9:
–– Calculate the ZCalculate the Zààµµµµ cross section for yourself!cross section for yourself!
–– From the figure can you tell why itFrom the figure can you tell why it’’s a few percent s a few percent 

higher than the cross section on the next page? higher than the cross section on the next page? 
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Measuring efficiencies using the Measuring efficiencies using the ZZ? µ? µ++µµ-- datadata

•• There are two There are two µµ ’’ss

•• The backgrounds are lowThe backgrounds are low

•• Can select pure Z sample Can select pure Z sample 
with even looser cuts on with even looser cuts on 
one one µµ

Level-1 µ trigger 
efficiency

s Z • Br(Z? µ+µ- ) = 261.8 ± 5.0 ± 8.9 ± 26.2 pb
stat.   syst.   lumi.
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Experimental Signature: Experimental Signature: WW?? llνν

•• Single charged lepton:Single charged lepton:
–– high high ppTT

–– isolatedisolated
•• EETT

missmiss (from neutrino)(from neutrino)
•• Less redundancy in Less redundancy in 

trigger and offline trigger and offline 
selectionselection

•• More difficult to control More difficult to control 
backgrounds and backgrounds and 
systematicssystematics

•• need to understand need to understand 
hadronic recoilhadronic recoil

•• ss ••Br 10 times larger Br 10 times larger 
than Zthan Z
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WW?? eeνν and  and  WW? µ? µνν

•• ppTT(e) > 25 GeV(e) > 25 GeV
•• EETT

missmiss > 25 GeV> 25 GeV
•• NNcandcand = 27370= 27370

•• ??LL = 42 = 42 pbpb--11

•• ppTT((µµ) > 20 GeV) > 20 GeV
•• EETT

missmiss > 20 GeV> 20 GeV
•• NNcandcand = 8302= 8302

•• ??LL = 17 = 17 pbpb--11

sW • Br(W? eν) = 2.884 ± 0.021 ± 0.128 ± 0.284 nb
sW • Br(W? µν) = 3.226 ± 0.128 ± 0.100 ± 0.322 nb                                                            

stat.      syst.      lumi.
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•• Top quark was expected in the Standard Model (SM) Top quark was expected in the Standard Model (SM) 
of electroweak interactions as a partner of bof electroweak interactions as a partner of b--quark quark 
for the third family of quarksfor the third family of quarks
•• Evidence for top in 1994 (CDF) Evidence for top in 1994 (CDF) 
•• Observation in 1995 (CDF&D0)Observation in 1995 (CDF&D0)

•• In Run I statistical uncertainties dominated:In Run I statistical uncertainties dominated:
–– Overall consistency with the SM picture Overall consistency with the SM picture 
–– butbut……still a few loose endsstill a few loose ends

•• In anticipation of much increased statistics in                 In anticipation of much increased statistics in                 
Run II:Run II:
–– Rich physics menuRich physics menu
–– Increased luminosity Increased luminosity àà increased precisionincreased precision
–– Surprises? Surprises? 

The Last Quark: an IntroductionThe Last Quark: an Introduction
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Top Quarks at the TevatronTop Quarks at the Tevatron

85%

15%

Pair production

B(t? Wb) = 100%

W’s decay modes 
used to classify the 
final states 
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Cross SectionCross Section
•• Why?Why?

–– test of QCD predictionstest of QCD predictions
–– Any discrepancy indicates possible new physics:Any discrepancy indicates possible new physics:

•• production via a high mass intermediate stateproduction via a high mass intermediate state
•• NonNon--WbWb decay modelsdecay models

•• How?How?
–– Measurement performed using various final statesMeasurement performed using various final states
–– DileptonDilepton channelschannels

•• eeee, e, eµµ, , µµµµ final statesfinal states
–– Lepton + jets channelsLepton + jets channels

•• e+jets, e+jets, µµ+jets+jets
–– topological analysistopological analysis
–– bb--taggingtagging

–– AllAll--jets channeljets channel
•• Use topological variablesUse topological variables
•• exploit bexploit b--tagging using soft leptonstagging using soft leptons

–– Combine them using a Neural network techniqueCombine them using a Neural network technique
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• W and b-quark decays specify 
final states
– Isolated high PT leptons
– Soft leptons in jets
– detached vertices in jets

Lepton+jets
(topological)

e+jets, µ+jets
Br = 14.7%

Lepton+jets
(soft muon tag) Dileptons

e+jets/µ, µ+jets/µ eµ, ee, and  µµ

Br = 14.7% Br = 2.5 and 1.2%

µ

ll l

l



Jerry Blazey
January 2005
Vietnam

30

pT(e) = 20.3 GeV/c2

pT(µ) = 58.1 GeV/c2

ET
j = 141.0, 55.2 GeV

ET=91 GeV
HT (e) = 216 GeV

Jet1
Tracking viewJet2

eeµµ + 2jet + 2jet 
Candidate EventCandidate Event
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Lifetime bLifetime b--tagging tagging 

~45 pb-1 CSIP tag

Scale: 1cm

Three different tagging algorithms
One based on secondary vertices
Two based on tracks with large IPs

Multiple methods to measure
efficiencies and fake rates

SVX tagging

A tagged eµ top candidate
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The Golden Doubly Tagged The Golden Doubly Tagged eeυυ
ChannelChannel

•• Incredibly CleanIncredibly Clean
•• Two leptonsTwo leptons
•• Two bTwo b--tagstags
•• Signal/Noise > Signal/Noise > 

70!70!
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Top cross sectionsTop cross sections
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Cross section Cross section √√s  dependences  dependence

NNLL



Jerry Blazey
January 2005
Vietnam

35

Equally Interesting: Equally Interesting: 
Top Quark MassTop Quark Mass

•• Fundamental parameter of Standard Model (SM)Fundamental parameter of Standard Model (SM)
•• Affects predictions of SM via Affects predictions of SM via radiativeradiative corrections:corrections:

–– BB mixingBB mixing

–– W and Z massW and Z mass

–– measurements of Mmeasurements of MWW, , mmtt constrain Mconstrain MHH

•• Large mass of top quark Large mass of top quark 
–– YukawaYukawa coupling coupling ≈≈ 11
–– may provide clues about electroweak symmetry may provide clues about electroweak symmetry 

breaking breaking 

)ln(,2
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Top Mass Constrains the HiggsTop Mass Constrains the Higgs

CDF/D0
2 fb-1goal!

W W
t

b

W W

H
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Mass: Lepton + Jets ChannelMass: Lepton + Jets Channel
(there are other channels/methods)(there are other channels/methods)

•• 1 unknown (1 unknown (ppzz
νν))

•• 3 constraints3 constraints
–– mm((llνν) = ) = mm((qqqq) = ) = mmWW

–– mm((llννbb) = ) = mm((qqbqqb))

•• 22--constraint constraint kinematickinematic fitfit

•• up to 24up to 24--fold fold combinatoric combinatoric 
ambiguityambiguity

•• compare to MC to measure compare to MC to measure mmtt

p

p
t

b

W 

Wb

t

q
q

l

ν

bqqbltt ν→
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Mass: ComplicationsMass: Complications

•• CombinatoricsCombinatorics::
−− 4 possible 4 possible jjllνν pairingspairings
−− there are 12 possible assignments there are 12 possible assignments 

of the 4 jets to the 4 quarks (of the 4 jets to the 4 quarks (bbqqbbqq) ) 
−− only 6 if one of the jets is bonly 6 if one of the jets is b--

taggedtagged
−− only 2 for events with double only 2 for events with double 

bb--tagged jetstagged jets
−− Homework 10: Homework 10: 

−− Work out the possibilities.Work out the possibilities.
−− Although the Although the eeµµ channel channel 

would have fewer would have fewer 
combinatoric combinatoric choices, why choices, why 
would it have less precision would it have less precision 
than lepton+jet channel?than lepton+jet channel?

•• Gluon radiation can add extra jets Gluon radiation can add extra jets 
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Mass: Mass: CombinatoricsCombinatorics

•• Monte Carlo tests:Monte Carlo tests:
–– shaded plots show shaded plots show 

correct combinationscorrect combinations
((HerwigHerwig MC, MC, 

mmtt = 175 GeV)= 175 GeV)

•• The width and shape of                              The width and shape of                              
the fitted mass distribution                            the fitted mass distribution                            
is due primarily to is due primarily to 
–– jet jet combinatoricscombinatorics
–– QCD radiationQCD radiation
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Boaz Klima (Fermilab) 9th Vietnam School of Physics 40

Mass: Basic ProcedureMass: Basic Procedure
•• In a sample of In a sample of tttt candidate eventscandidate events

–– For each candidate make a For each candidate make a 
measurement of X = f(measurement of X = f(mmtt), ), 
where X is a suitable estimator where X is a suitable estimator 
for the top massfor the top mass

•• e.g. result of the e.g. result of the kinematickinematic fit  fit  
–– This distribution containsThis distribution contains

signal and background.signal and background.

•• From MC determine shape of X as From MC determine shape of X as 
a  function of a  function of mmtt

–– Determine shape of X for Determine shape of X for 
background (MC & data). background (MC & data). 

–– Add these together and compare Add these together and compare 
with datawith data
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Lepton + Jets Channel (DLepton + Jets Channel (DØØ))

mt = 173.3±5.6±5.5 GeV

largest systematics
jet energy 4.0 GeV
MC generator 3.1 GeV
noise/pile-up 1.3 GeV

dominated by
jet energy scale and 
gluon radiation

Background-rich sample

Signal-rich 
sample



Jerry Blazey
January 2005
Vietnam

42

unofficial

Run I and Run II Top massRun I and Run II Top mass

123 GeV
96 GeV

Pu
bli

sh
ed

 in
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e

10
 Ju

ne
 20

04

First DZero Run II lepton + jets mass
160 pb-1

mtop = 179.0 ± 5.1 GeV (DØ combined)

mtop = 178.0 ± 4.3 GeV  (official average)
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A DisclaimerA Disclaimer

•• WeWe’’ve looked at QCD, Vector ve looked at QCD, Vector 
Boson, and Top Production.Boson, and Top Production.

•• Just a sample of interesting Just a sample of interesting 
Standard Model topicsStandard Model topics

•• Many others:Many others:
–– Heavy FlavorHeavy Flavor
–– DiDi--boson Productionboson Production
–– Diffractive PhysicsDiffractive Physics
–– And moreAnd more……..
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Our Lecture SeriesOur Lecture Series

üüOverviewOverview
üüHistory, Accelerators, Detectors, & History, Accelerators, Detectors, & 

Cross SectionsCross Sections
üüQCD and Electroweak PhysicsQCD and Electroweak Physics
•• Searches for New PhysicsSearches for New Physics


