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TASI
20 Years of the W and Z Bosons20 Years of the W and Z Bosons
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Using all data from 1982-3, and
combining results from UA1 and UA2:
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TASISpontaneous Symmetry BreakingSpontaneous Symmetry Breaking

Hypercharge(Y)
U(1)Y Symmetry

Left-Handed Isospin(T)
SU(2)L Symmetry
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TASIProperties of the Physical VacuumProperties of the Physical Vacuum
Self-Interacting 

Effective Potential:
422)( λϕϕµϕ +−=V (tree-level)
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TASI

Is the Is the ZZ just a massive just a massive WW00??
If isospin (T) were an unbroken 

symmetry,
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The measurement of Wθ2sinZee LR →+− gives us
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TASIPrecision Measurements Precision Measurements 
at the Z poleat the Z pole

Nν = 2.9841 (83)

MZ = 
91.1875 (21) GeV

ΓZ = 
2.4952 (23) GeV

σ0 = 
41.540 (37) nb
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TASI
Polarization of the Polarization of the ττ leptonlepton
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TASIDetermination of W Mass Determination of W Mass 
from LEP2from LEP2

were overwhelmed by above threshold 
direct reconstruction methods in semi-leptonic W pair events

Threshold Production Measurements 
GeV 161at  =s GeV 161at  =s

+e +W

−W−e
eν
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TASI

EW Mixing AngleEW Mixing Angle

sin2 θeff =0.23148 (17)

From polarization measurements, we find

However, the tree-level relationship is

( )
(syst.) 0.0009  .)( 0013.02277.0
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TASIGlobal Electroweak FitsGlobal Electroweak Fits
Each observable is calculated as a function of:

∆αhad , αs(MZ) , MZ , Mtop , Mhiggs (and GF)

Emission and absorption of a 
virtual Higgs particle

∆rH ∝ log Mhiggs

∆rtop ∝ GF Mtop
2Top quark loop
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TASIMass Estimates from Mass Estimates from Radiative Radiative 
CorrectionsCorrections

In 1994-5, the top mass was 
estimated from LEP data.

Now we face similar
estimates for the 

lightest Higgs boson.
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TASITop Mass from Tevatron Run ITop Mass from Tevatron Run I
Run I result: Mtop = 174.3 ± 3.2 (stat.) ± 4.0 (syst.) GeV

Recent re-evaluation
of the Run I top mass

from DØ:
Mtop = 180.1 ± 3.6 (stat.) 

± 4.0 (syst.) GeV

(compared with ± 5.6 GeV)

Dominant systematic
from Jet Energy Scale

will be reduced by
scanning MW

±
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TASI

RunRun--2 Top Measurements2 Top Measurements

0.50+/0.010.50+/0.01
0.30+/0.040.30+/0.04

0.40.4
0.50.5
2.42.4
1.81.8

Expected Expected 
SignalSignal

220.60+/0.60+/--0.300.304343µµµµ

000.6+/0.6+/--0.30.34040µµ+jet/+jet/µµ
220.2+/0.2+/--0.10.15050e+jet/e+jet/µµ

110.07+/0.07+/--0.010.013333eeµµ

442.7+/2.7+/--1.11.14040µµ+jet+jet
442.7+/2.7+/--0.60.65050e+jete+jet

ObsObs..Expected Expected 
BackgroundBackground

LumLum((pbpb--11))ChannelChannel

Cross-section measurements for TeV 96.1s = TeV 96.1s =
are being reported.  Candidates seen in all channels.

pb (lumi) 0.8    (syst)   (stat)  8.4σ 5.3
3.5

4.5
3.7 ±= +

−
+
−
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TASI

RunRun--2 Top Mass2 Top Mass

13 2 5 9 15 0 8. . . .± ± ± pb

5 3 19 0 8 0 3. . . .± ± ± pb
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TASIMeasured/Fit W Mass ConstraintMeasured/Fit W Mass Constraint

Heinemeyer and Weiglein hep-ph/7307

}

}

Shrink the
uncertainties on

MW and Mtop

Standard Model
Precision Electroweak Data

Low Mass Preference for the Higgs Boson
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TASIClosingClosing--in on the Higgs Bosonin on the Higgs Boson

log MH ≈ 1.96 ± 0.21
MH<211 GeV @ 95% CL

Electroweak Fit:
MH = 91       GeV+58

–37
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TASIPrecision of Electroweak Constraints Precision of Electroweak Constraints 
with Timewith Time

Uncertainty on δMH/ MH
from W mass

(Snowmass study hep-ph/0111314)

Uncertainty on δMH/ MH
from sin2θeff ( Mtop )

Total Uncertainty on 
δMH/ MH

log MH ≈ 1.96 ± 0.21
MH<211 GeV @ 95% CL

log MH ≈ X.XX ± 0.06

Electroweak Fit:

MH = 91      GeV+58
–37 MH =115        GeV+19

–16

For Example:
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TASI

68% 95%

Scanning the Higgs Boson Scanning the Higgs Boson 
Mass RangeMass Range

Measure
median separation

of hypotheses

Compare with
widths of

distributions

Scan versus Mass
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TASI
LEP Higgs Boson ResultsLEP Higgs Boson Results

Very Slight Excess
Compatible with 
Predicted Rates 

above:

GeV 116  >Hm GeV 116  >Hm

Lower Limit
Set at CL=95%:

GeV 114.4  =Hm GeV 114.4  =Hm

115,116,117 GeV



12-13 June 2003 Page 20Chris Tully

TASI

2 b-jets

missing Et

HZ      pp +→

νν

p
*Z

Z

H

b

b
νbb

Higgs Boson SearchesHiggs Boson Searches
at the Tevatronat the Tevatron

νp
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TASI
Double Secondary Vertex bDouble Secondary Vertex b--TagTag

What are the backgrounds
that produce b-jets

and missing energy?

tt

ZZ/WZ

Z+gluon/W+gluon

tb/qtb

QCD bb + semi-leptonic decays
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TASI

Missing Energy ResolutionMissing Energy Resolution

Shrink to
10 GeV or less

Missing Energy Component (GeV)
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TASI

Missing Energy DistributionMissing Energy Distribution

Missing Energy (GeV)

Missing Energy
tends to be
at least MZ/2

ZH→ννbb



12-13 June 2003 Page 24Chris Tully

TASI

Missing Energy SignificanceMissing Energy Significance

Missing Energy Significance 
(MET/σMET)

Missing Energy
tends to point

away from Jets

ZH→ννbb
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TASI
DiDi--Jet Mass ResolutionJet Mass Resolution

Shrink to
10% or less
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TASI
ννννbbbb Higgs SearchHiggs Search

1 fb-1

CDF+D0
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TASIllννbbbb Higgs SearchHiggs Search

1 fb-1

CDF+D0
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TASI

Candidate Event from TevatronCandidate Event from Tevatron



12-13 June 2003 Page 29Chris Tully

TASICandidate Event from TevatronCandidate Event from Tevatron
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TASI
Missing Energy Event from LEPMissing Energy Event from LEP

L3
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TASI

V

ϕ

ΛBounce

ϕ

ϕ

ϕ

ϕ
Massive scalar

or vector particles

positive)( →Λλ

Isidori, Ridolfi, Strumia hep-ph/0104016

λ is negative for mt=175 GeV
at 1000 TeV

SelfSelf--Coupling Coupling λλGeV 115=Hm

What can be done?
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TASIFermion Fermion Masses in a 1Masses in a 1--doublet Modeldoublet Model
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TASIFermion Fermion Masses in a 2Masses in a 2--doublet Modeldoublet Model

2
1vGm d

d =

Down-type mass Up-type mass

2
2vGm u

u =

12tan vv=β
mtop /mbottom?

8 degrees of freedom
– 3 longitudinal polarizations (WL

±,ZL)

22
2

2
1 vvv =+

Electroweak
Energy Scale

leaves 5 Higgs bosons: h, H, A, H±
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TASI
HiggsHiggs--FermionFermion Couplings in the MSSMCouplings in the MSSM

b quarks and τ leptons
couple strongly to A

Large tanβ:

top quarks
couple weakly to A

AA

Higgsstrahlung off a b quark:
Production Mechanisms
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TASIExtending the SearchExtending the Search

LEP Ends Here

H→bb Drops Off
H→WW*

WH and ZH Production
Falls Off Slowly
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TASIExtending the SearchExtending the Search

LEP Ends Here

(V)H→bb
Tevatron Run 2

Performance

Signal 
Expectation

X+H→WW*
→lνlν
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TASIExtending the SearchExtending the Search

Tevatron Run 2
Performance

Signal 
Expectation
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TASIRelative Channel SensitivityRelative Channel Sensitivity

LEP Ends Here

ZH→ννbb

WH→lνbb

ZH→llbb

ZH→qqbb

X+H→WW*
→lνlν
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TASICDFII DetectorCDFII Detector
Retained from Run I

Solenoid (1.4 Tesla)
Central calorimeters
Central muon detectors

New in Run II
Tracking system

Silicon vertex detector (SVXII)
Intermediate silicon layers
Central outer tracker (COT)

End plug calorimeter
Intermediate muon detectors
Time of flight system
Front-end electronics
Trigger system
DAQ system

COT  

0
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TASITrigger and DAQTrigger and DAQ

L2 
Trigger

Detector

L3 Farm

Mass
Storage

L1 Accept

Level 2:
Asynch. 2 stage pipeline
~20 µs latency
300 Hz Accept Rate

L1+L2 rejection:  20,000:1

7.6 MHz Crossing rate
132 ns clock cycle

L1 
Trigger

Level1:
7.6 MHz Synch. pipeline
5544ns latency

<50 kHz Accept rate

L2 Accept

L2 Buffers: 
4 Events

DAQ Buffers 

L1 Storage 
Pipeline:
42 Clock Cycles 
Deep

Calorimeter energy
Central tracker
Muon stubs

Rate at 
L ~ 3E31 cm-2 s-1

12 kHz
Cal Energy-track match
E/P, EM shower max
Silicon secondary vertex
Multi object triggers250 Hz

Farm of PC’s running
fast versions of 
Offline Code more
sophisticated selections

50 Hz
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TASITrack and Vertex TriggersTrack and Vertex Triggers

XFT:
uses COT axial to find
high pT tracks at L1

SVT:
uses L1 XFT
and SVXII

∆pT/pT = 1.65% pT (GeV/c)

Impact Parameter at L2

σ = 50 µm 
= 43µm (reso) ⊕ 25µm (beam)

Trigger b and c in 
hadronic decays
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TASIDDØØ Run II DetectorRun II Detector

Retained from Run I
LrAr Calorimeter
Central muon detector
Muon Toroid

New for Run II
Magnetic tracker
2 Tesla solenoid
Silicon microvertex tracker
Scintillating fiber tracker
Preshower detectors
Forward muon detector
Forward proton detector
Front-end electronics
Trigger and DAQ



12-13 June 2003 Page 43Chris Tully

TASITevatron Delivered LuminosityTevatron Delivered Luminosity
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TASI
Tevatron Projected LuminosityTevatron Projected Luminosity
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TASIHiggs’Higgs’ QuestQuest

Fermilab (Chicago, USA)
LEP (Geneva, Switzerland)

7 years

Startup of LHC
Scheduled for 2007

Tevatron Run II
Picked up speed in 2002

LEP Dismantled
in 2000



SupersymmetricSupersymmetric ParticleParticle
Searches at the LHCSearches at the LHC

Chris TullyChris Tully
PrincetonPrinceton

TASI 2003
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TASI
LHC Detectors MaterializeLHC Detectors Materialize

Back-flange
18 Brackets
3 Layers of absorber

Only 3mm droop.
CMS Hadron Calorimeter
Half-Barrel and Endcap
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TASI

Add SlideAdd Slide
300 foot shaft
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TASI

Add SlideAdd Slide



12-13 June 2003 Page 50Chris Tully

TASI

Add SlideAdd Slide
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TASILHC StartLHC Start--upup
PHASE 1: LHC commissioning (TPHASE 1: LHC commissioning (T00 to Tto T00 + 4 months)+ 4 months)

LHC: SetLHC: Set--up machine. Start with one beam. up machine. Start with one beam. 
Colliding beams and slowly increase # Colliding beams and slowly increase # 
bunches and bunches and LL. Collisions at . Collisions at LL > 5 x 10> 5 x 103232 at at 
75 ns bunch spacing.75 ns bunch spacing.

+ 2 pileup events  i.e. 1033 and 
25ns bunch spacing

PHASE 3: First physics run (T0 + 7 mo. T0 + 14 mo.)
LHC: 75 ns and L  ~  1033 cm-2 s-1

Physics run, max. efficiency aiming for 5-10 fb-1 

~6 events per bunch crossing 

PHASE 4+n: High luminosity running
~20 events per bunch crossing

+ 20 pileup events  i.e. 1034 and 
25ns bunch spacing

Phase2: Shutdown
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TASILHC Data Samples with 10 LHC Data Samples with 10 fbfb--11

447733Double Double muonmuon
252519191414Single Single muonmuon

Exclusive rate Exclusive rate 
[Hz] after HLT [Hz] after HLT µ µ 
isolationisolation

HLT HLT ppTT cut cut 
[[GeVGeV]]

L1 L1 ppTT cut cut 
[[GeVGeV]]

Trigger cuts at          Trigger cuts at          
LL=2 x 10=2 x 103333 cmcm--22 ss--11

0.8 x 100.8 x 106672 %72 %86 %86 %0.1260.126tttt W b W b  W b W b  
µ νµ ν + X+ X

11 x 1011 x 106692 %92 %71 %71 %1.841.84Z Z µ µµ µ
70 x 1070 x 106669 %69 %50 %50 %19.619.6W W µ νµ ν

Yield for       Yield for       
10 10 fbfb--11

EffEff. after HLT . after HLT 
with with µµ

isolationisolation

Acceptance   Acceptance   
(1 (1 µµ in in 
||η|η|<2.1)<2.1)

PythiaPythia
Cross Cross 

section section 
[[nbnb]]

ChannelsChannels

Assumption: 10 fb-1 in 1 year @ L = 2 x 1033 cm-2 s-1
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TASISupersymmetric Supersymmetric ParticlesParticles

00
00
00SquarksSquarks
00
00
00SleptonsSleptons

3/23/2GravitinosGravitinos
1/21/2NeutralinosNeutralinos
1/21/2CharginosCharginos
1/21/2GluinoGluino

SpinSpinSymbolSymbolSuperparticleSuperparticle
g~

±±
21

~,~ χχ
οοοο χχχχ 4321

~,~,~,~

G~

eLRL ee ν~,~,~

Lτνττ ~,~,~
21

LRL µνµµ ~,~,~

RLRL dduu ~,~,~,~
RLRL sscc ~,~,~,~

2121
~,~,~,~ bbtt
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TASISupersymmetric Supersymmetric SpectraSpectra

100-900
180-1600
250-2000
320-2000
180-1600
320-2000
580-3800

200-3500
140-3500
180-3500
140-3500
200-3500
180-3500
550-3900
530-3900
550-3900
530-3900
400-2700
570-3300
500-3300
530-3800

Sparticle       Mass Range  (GeV) Sparticle       Mass Range  (GeV)
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TASI

≥ 2 high pt isolated leptons OS

(leptons = e,µ)

≥ 2 high pt b jets

missing Et

DecayDecay ChainsChains

≥ 2 high pt isolated leptons OS

(leptons = e,µ)

≥ 2 high pt non-b jets

missing Et

 g~      pp →

b~0
2χ

 ~ mll±

qq~    g~      pp →→

q~0
2χ

−+± χ→ llll m 0
1

~~      

SM bkg: tt, Z+jet, W+jet, ZZ, WW, ZW, QCD jets

p

p

g~

b~

b

b

ml

±l

0
1

~χ
0
2

~χ
±l

~
bb~→

mll±χ→ 0
1

~
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TASIBenchmarkBenchmark PointsPoints
ProposedProposed PostPost--LEP LEP BenchmarksBenchmarks forfor SupersymmetrySupersymmetry, M. Battaglia , M. Battaglia etet alal.. ((hephep--phph/0106204)/0106204)

RatherRather low mlow m00 and mand m1/21/2
valuesvalues in in orderorder toto havehave high high 
SUSY cross SUSY cross sectionsection
LowLow tantan ββ valuevalue (tan (tan ββ = = 10)10)
sincesince BR(BR(χχ22

00 →→ ll++ll-- χχ11
00) ) 

dependsdepends on on tantan ββ
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TASIReconstructionReconstruction MethodMethod

p

p

g~

b~

b

b

ml

±l

0
1

~χ

0
2

~χ ±l
~

•• assumingassuming M(M(χχ11
00) ) knownknown

••SelectingSelecting eventsevents “in “in edgeedge””

•• CombiningCombining the the χχ22
00 obtainedobtained fromfrom

the the twotwo leptonsleptons withwith the the mostmost
energeticenergetic bb--jet in the jet in the eventevent

−+

−+

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



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


+= χ

χ ll

ll

rr
p

M

M
1p

0
1

0
2

~
~

At the At the endend--pointpoint::

GeV 80  )M(  GeV 65 << −+ll

• ≥2 isolated leptons, pT>15 GeV, |η|<2.4

• ≥ 2 b-jets,  pT>20 GeV, |η|<2.4
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TASIReconstructionReconstruction MethodMethod

SM SM bkgbkg can can bebe reducedreduced cutting on cutting on EETT
missmiss

The The mainmain problemproblem isis combinatorialcombinatorial

Once the Once the sbottomsbottom (or the (or the squarksquark) ) isis reconstructedreconstructed::

p

p

g~

b~

b

b

ml

±l

0
1

~χ

0
2

~χ ±l
~
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TASIResultsResults @ @ PointPoint BB

0A
)(sign

10tan
100m

250m

0

0

2
1

=
+=µ

=β
=

= σσSUSYSUSY = 57.77 = 57.77 pbpb

GeV 906σ
GeV  10536q)χ~M( 0

2

±=
±=

ResultResult of the of the fitfit::

GeV  0.537)c~(M)u~M(
GeV  8.542)s~(M)d~M(

LL

LL

==
==

GeneratedGenerated valuesvalues1 fb-1

squarksquark

%44.16)~~(BR 0
2 =→χ ll → visible dilepton edge

pb 4.1)chain decayq~pp(BR =→→•σ
pb 5.0)chain decayq~g~pp(BR =→→→•σ
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TASIResultsResults @ @ PointPoint BB

0A
)(sign

10tan
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250m

0
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2
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=
+=µ

=β
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=

GeneratedGenerated valuevalue

ResultResult of the of the fitfit::

GeV 542σ
GeV  7500b)χ~M( 0

2

±=
±=

10 fb-1

sbottomsbottom

pb 1.0)chain decayb~BR(ppσ =→→•
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TASISparticleSparticle Reconstruction Reconstruction 
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TASISUSY SUSY 

Squark, gluino production leads to 
lepton(s) + ET

miss + jets

Backgrounds: W + jets, Z + jets, tt, 
Wtb, WW, WZ, … 

pair production dominates the 
total cross section

Cross sections don’t vary much 
with µ, tan β

gq ~,~

Jets + ET
miss has the 

highest reach

OS two-leptons are 
most useful for 
sparticle reconstruction
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TASIJets + Jets + EETT
missmiss Reach vs. Reach vs. LL

Search for SUSY can start 
very early!

Squarks/gluinos probed to 
~1.5 TeV with 1 fb-1

Up to 2.5 TeV at design 
luminosity and 100 fb-1

~1 month 
@ L=1033

~1 year  
@ L=1033

~1 year    
@ L=1034

Tevatron reach <500 GeV

~1 week @1033

to explore 

but ~1 year for 
sparticle reco
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TASI

•
• •• •••••

••
•••

Event SelectionEvent Selection
Level-1: Spec.processors
40 MHz synchronous
-Particle identification:  
-high pT electron, muon, jets,  missing ET
- Local pattern recognition and energy 
evaluation  on prompt  macro-granular 
information from calorimeter and muon
detectors

High trigger levels: CPU farms
100 kHz asynchronous farms
- Clean particle signature
- Finer granularity precise measurement
- Kinematics. effective mass cuts and 
event topology
- Track reconstruction and detector 
matching
- Event reconstruction and analysis 

99.99 % rejected 0.01 % Accepted

Minimum calibration for the 
trigger to function @ low L:

– ECAL ∆E/E ~ 3 – 5% (final 
∆E/E ~ 0.5%)                           

with minimum bias events

– HCAL ∆E/E ~ 10% 
source & testbeam 

calibration show 5% is 
reachable

– Alignment of muon system 
and tracker with ~ 500 µm 
needed                          

hardware alignment + 
alignment with tracks can 
reach 100 microns
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TASIPhysics Selection at LHCPhysics Selection at LHC

LEVEL-1 Trigger
Hardwired processors  (ASIC, FPGA)

Pipelined massive parallel

HIGH LEVEL Triggers
Farms of
processors

10-9 10-6 10-3 10 103

25ns 3µs hour yearms

Reconstruction&ANALYSIS
TIER0/1/2

Centers

ON-line OFF-line

sec

Giga Tera Petabit
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TASITrigger/DAQ EvolutionTrigger/DAQ Evolution



12-13 June 2003 Page 67Chris Tully

TASILevelLevel--1 Trigger table 1 Trigger table 
(2x10(2x103333))

Cumulative Cumulative 
Rate (kHz)Rate (kHz)

Rate (kHz)Rate (kHz)ThresholdThreshold
((GeV GeV or or GeVGeV/c)/c)

TriggerTrigger

16.016.0TOTALTOTAL
16.016.00.90.9MinMin--biasbias
15.115.10.80.821*4521*45Electron*jetElectron*jet
14.314.32.32.388*4688*46Jet*Jet*EETT

missmiss

12.512.53.03.0177, 86, 70177, 86, 7011--jet, 3jet, 3--jet, 4jet, 4--jetjet
10.910.91.01.05959DiDi--tautau--jetjet
10.110.12.22.28686Single Single tautau--jetjet
7.97.90.90.933DiDi--muonmuon
7.07.02.72.71414Isolated Isolated muonmuon
4.34.31.31.31717DiDi--e/e/γγ
3.33.33.33.32929Isolated e/Isolated e/γγ
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TASILevelLevel--1 Trigger table (101 Trigger table (103434))

33.533.51.01.0MinMin--biasbias

Cumulative Cumulative 
Rate (kHz)Rate (kHz)

Rate (kHz)Rate (kHz)ThresholdThreshold
((GeV GeV or or GeVGeV/c)/c)

TriggerTrigger

33.533.5TOTALTOTAL

32.532.50.80.815*4015*40MuonMuon*jet*jet
31.731.71.31.325*5225*52Electron*jetElectron*jet
30.430.44.54.5113*70113*70Jet*Jet*EETT

missmiss

26.726.73.03.0250, 110, 95250, 110, 9511--jet, 3jet, 3--jet, 4jet, 4--jetjet
25.025.03.63.66767DiDi--tautau--jetjet
22.622.65.35.3101101Single Single tautau--jetjet
17.317.31.71.755DiDi--muonmuon
15.615.66.26.22020Isolated Isolated muonmuon

9.49.43.33.31919DiDi--e/e/γγ
6.56.56.56.53434Isolated e/Isolated e/γγ
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TASIHLT Summary: 2x10HLT Summary: 2x103333

105105TOTALTOTAL
1051051010Calibration etcCalibration etc

959555237237Inclusive bInclusive b--jetjet
90902219 * 4519 * 45Electron * jetElectron * jet
898999657, 247, 113657, 247, 11311--jet OR 3jet OR 3--jet OR 4jet OR 4--jetjet
818155180 * 123180 * 12311--jet * jet * EETT

missmiss

7676115959DiDi--tautau--jetjet
7575338686Inclusive Inclusive tautau--jetjet
72724477DiDi--muonmuon
686825251919Inclusive Inclusive muonmuon
43435540, 2540, 25DiDi--photonphoton
3838448080Inclusive photonInclusive photon
3434111717DiDi--electronelectron
333333332929Inclusive electronInclusive electron

CumlCuml. rate . rate 
(Hz)(Hz)

Rate (Hz)Rate (Hz)ThresholdThreshold
((GeV GeV or or GeVGeV/c)/c)

TriggerTrigger
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TASIStandard Model Higgs SearchesStandard Model Higgs Searches

mH (GeV)

(pb)
σ

M. Spira et al.
NLO QCD

+ + +
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TASI
Forward CalorimetersForward Calorimeters

6 fermion final state!

W
p

p

fwd jet 
(in HF+)

q

q

µ

ν

q

q
W

σVV

fwd jet
(in HF-)

HF 
range

HF 
range

Tagging High energy forward
jets:  for ‘physics’ analysis Pt 
(~20 GeV/c) the jet energies
concerned are ~200 GeV at 
the outer edge of the detector 
and 1 TeV at the inner edge

An energy resolution of 200%/√E is sufficient
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TASI
Forward CalorimetersForward Calorimeters

CMS Detector
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TASI
Detector AssemblyDetector Assembly

21 wedges
fibered and 
waiting
covers

All wedges
mounted on 
strongbacks
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TASI
Vector Boson FusionVector Boson Fusion

Rapidity
of tagged

jets

∆φll

mll

b-jet veto (impact parameter cuts) 
lepton iso. (pT> 20 GeV, |η|< 2.5)  

lepton cuts (ml l< 60 GeV,∆φl l< 140)

WW mT (50-140 G
extra jet veto (pT> 20 GeV

MH =120 GeV 

signal +
background

signal

cuts

σT   
Forward jets (pT> 20 GeV,  ∆η > 4.20)

jet-jet mass (mj j> 600 GeV)

main background: t t + X 

N
um

be
r 

of
 E

ve
nt

s

signal

signal

background

background
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TASI
Weak Boson FusionWeak Boson Fusion

WW Mass very broad 

H

τ

τ

qqH → qqττ

q

q

q

q

W,Z

W,Z

H
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TASI
Weak Boson FusionWeak Boson Fusion
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TASIStandard Model Higgs SearchesStandard Model Higgs Searches

mH (GeV)

(pb)
σ

M. Spira et al.
NLO QCD

+ + +
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TASI
Inclusive Higgs to PhotonsInclusive Higgs to Photons
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TASI
Mass ReconstructionMass Reconstruction

Low Background, 
High Resolution

Mass Reconstruction 
is possible

with enough luminosity
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TASIHiggs to ZZHiggs to ZZ** to 4to 4µµ
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TASISM Higgs Discovery PotentialsSM Higgs Discovery Potentials
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TASISM Higgs Discovery Potential SM Higgs Discovery Potential 
with 10 with 10 fbfb--11

H H 4 leptons,4 leptons,
mmHH = 120= 120…….500 .500 GeVGeV

H H WW WW llννllνν
mmHH = 110= 110…….200 .200 GeVGeV

5σ

ZZ

WW

CMS, 10 fb-1 No k-factors

115 GeV
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TASIMSSM Higgs ProductionMSSM Higgs Production

B-tagging plays a key role

bbH final states production enhanced by 
tan2 β in the MSSM w.r.t. SM

Note importance of bbH final states!

Spira et al.1

0.8

0.6

0.4

0.2

0

b/c tagging efficiency

0      0.5 1       1.5       2    η
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TASI

MSSM Higgs Couplings to FermionsMSSM Higgs Couplings to Fermions

H

f
•

•H
f

Higgs couplings to fermions:

β
α

sin
cos

0 ttth
mg ∝

β
α

sin
sin

0 tttH
mg ∝

•

•

_

βcot0 tttA
mg ∝

•

•

β
α

cos
sin

0

−
∝ bbbh

mg

β
α

cos
cos

0 bbbH
mg ∝

•

• βtan0 bbbA
mg ∝

• proportional to mass → 3rd generation favoured

• tan β enhances couplings to down-type fermions
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TASI
MSSM Mass RelationshipsMSSM Mass Relationships

• MSSM contains 2 Higgs doublets, therefore 5 physical 
Higgs states: h0, H0, A0, H±

looks like HSM (but mh < 130 GeV)
~ degenerate in mass for high mA
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TASI
Heavy SUSY Higgs @ 10 Heavy SUSY Higgs @ 10 fbfb--11

A / H µ µ
tan β=30, mA=130 GeV

A / H τ τ
tan β=40, mA=200 GeV
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TASIA / H A / H µ µ µ µ in in bbHbbHSUSYSUSY
ProductionProduction

Search already possible 
with 10 fb-1

Requires b-tagging, efficient 
track reconstruction without 
ultimate track reconstruction 
resolution

20 fb-1

Dimuon invariant mass
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TASIA / H A / H τ ττ τ 2 leptons2 leptons
Signal: 1st and 2nd leptonic decay
Backgrounds: Z, γ, tt, Wtb

mA = 200 GeV, tan β = 40, 10 fb-1

H / A τ τ l l + X                      H / A τ τ e µ + X  
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TASI
Heavy MSSM HiggsHeavy MSSM Higgs

COVERED

Need new ideas to cover low tanβ - high mA region …

• discovery of the heavy MSSM 
Higgs limited to upper triangle in 
mA – tan β plot

• note: the h0 can always be found 

• problem is that production 
mechanism (e.g. bbA0,H0) needs 
tan β enhancement
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TASI

SUSY Decays of the HiggsSUSY Decays of the Higgs

A, H → χ2
0 χ2

0 → 4l + ET
miss

Most promising decay channel:

l+ l- χ1
0

… interesting coupling:
H0

A0

Z0

doesn’t work for SM, but remember SUSY …

~

~

=  χ0

=  χ0

(neutralinos)
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TASI
SUSY Decays of the HiggsSUSY Decays of the Higgs

A/H → χχ → 4 leptons 
seems to prefer low tan β, 
complementary to A/H → ττ !!

Typical discovery reach:
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TASI
Similar Ideas for HSimilar Ideas for H±±

H± → χ2,3
0 χ1,2

± → 3l  + ET
miss

Analogue decay mode:

+

Analogue  production mechanism for H± :

→ only 3 leptons, need to reconstruct additional top (t→bjj) 
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TASIHiggs Production in Higgs Production in Sparticle Sparticle 
CascadesCascades

Scenario 1 (big cascades)Scenario 1 (big cascades)

g (600 GeV)~
q  (720 GeV)~

~χ 0

2

~χ 0

1

~χ 0

4 ~χ ±

2

h0, H0, A0, H±

(170 GeV)

(95 GeV)

χ 0

3

~
(340 GeV)

χ ±

1

Scenario 2 (little + big cascades)Scenario 2 (little + big cascades)

~ h0

g (900 GeV)~
q  (1080 GeV)~

~χ 0

2

~χ 0

1

~χ 0

4 ~χ ±

2

h0, H0, A0, H±

(270 GeV)

(145 GeV)

χ 0

3

~ (480 GeV)

χ ±

1

~
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TASI
More PossibilitiesMore Possibilities

g (1200 GeV)~

q  (800 GeV)~

~χ 0

2

~χ 0

1

~χ 0

4 ~χ ±

2

h0, H0, A0, H±

(150 GeV)

(110 GeV)

χ 0

3

~

(375 GeV)

χ ±

1

~

g (1200 GeV)~

q  (800 GeV)~

~χ 0

2

~χ 0

1

(400 GeV)

(200 GeV)

χ ±

1

~

h0, H0, A0, H±

Scenario 3 (big cascades)Scenario 3 (big cascades) Scenario 4 (little cascades)Scenario 4 (little cascades)

χ 0

4 ~χ ±

2

χ 0

3

~ (1000 GeV)
~
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TASIh h bb production in bb production in squarksquark//gluino gluino 
cascadescascades

Signature: B-jets + lepton + ET
miss

Requires b-tagging + jet counting + full 
calo coverage for ET

miss

CMS    
1 fb-1

Low tan β regime

Search can 
start at        

a few fb-1
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TASIThoughts To Take AwayThoughts To Take Away

What is the current theoretical What is the current theoretical 
guidance behind the SUSY and Higgs guidance behind the SUSY and Higgs 
searches?searches?
How does one judge the discrimination How does one judge the discrimination 
power of different search topologies?power of different search topologies?
When can theorists “raise the bar”?When can theorists “raise the bar”?


