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Theme of LectureTheme of Lecture
We know the SM is incompleteWe know the SM is incomplete-- an `effective an `effective 
FT’, which breaks down at ~1 TEV,   where FT’, which breaks down at ~1 TEV,   where 
WWLL--WWL   L   scattering violates scattering violates unitarityunitarity (see the (see the 
Higgs Hunter’s Guide, e.g.);Higgs Hunter’s Guide, e.g.);
We have a number of models of NPWe have a number of models of NP-- e.g. the e.g. the 
MSSM, NMSSM, MSSM, NMSSM, LED,BjorkenLED,Bjorken--PakvasaPakvasa--TuanTuan, , 
Hidden Valleys, but many free parametersHidden Valleys, but many free parameters
There are some obvious NP phenomena to look There are some obvious NP phenomena to look 
forfor-- Z’, W’, heavy Z’, W’, heavy squarkssquarks, , gravitinosgravitinos,…,…-- but but 
there are many ways that new physics can hide there are many ways that new physics can hide 
in the haystack of SM in the haystack of SM hadronhadron collisionscollisions--
All of which implies developing better toolsAll of which implies developing better tools--
flavor ID, better understanding of fake rates, flavor ID, better understanding of fake rates, 
lower threshold triggers, ….lower threshold triggers, ….
Lastly, rather than try to be encyclopedic, I’ve Lastly, rather than try to be encyclopedic, I’ve 
chosen only certain topicschosen only certain topics-- apologies if I’ve left apologies if I’ve left 
out your favorite.out your favorite.
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Searching for the (a!?) HiggsSearching for the (a!?) Higgs

CrossCross--sections for a light SM Higgs are ~0.2 sections for a light SM Higgs are ~0.2 pbpb (vs 8 (vs 8 
pbpb vs top, e.g.), and fall with massvs top, e.g.), and fall with mass-- need more need more lumlum, , 
more acceptance, more jet resolutionmore acceptance, more jet resolution
While the SM Higgs has known decays, all bets are off While the SM Higgs has known decays, all bets are off 
outside the SM, I believe.  It is easy to make a model outside the SM, I believe.  It is easy to make a model 
with a Higgs sector very hard to detect (e.g. NMSSM with a Higgs sector very hard to detect (e.g. NMSSM 
with a light a_0 (with a light a_0 (GunionGunion et al.), SUSY+Ret al.), SUSY+R--parity parity 
Violation (D. Kaplan et al.,…).Violation (D. Kaplan et al.,…).
A big and coordinated effort on Higgs  searches has A big and coordinated effort on Higgs  searches has 
begun now that there is ~2 begun now that there is ~2 invfbinvfb recorded/recorded/exptexpt..
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Where is the Higgs? Where is the Higgs? Mtop vs 
MW

1σ

Central Value 
Tev/LEP2

Assuming 
SM (H->bb)

Note log scale

Mtop vs MW Status as of Summer 2006 (update below)
Central value prefers a light (too light) Higgs
Puts a High Premium on Measuring Mtop and MW precisely, no matter what 
happens at the LHC (really diff. systematics at Tevatron.)
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The Learning Curve at a The Learning Curve at a HadronHadron Collider Collider 

Electron+

Electron-

Dec 1994 (12 yrs 
ago)-

`Here Be Dragons’ 
Slide: remarkable 
how precise one 
can do at the 
Tevatron 
(MW,Mtop, Bs 
mixing, …)- but has 
taken a long time-
like any other 
precision 
measurements 
requires a learning 
process of 
techniques, 
details, detector 
upgrades….    

Theorists too(SM)        

Take a systematics-dominated measurement: e.g. the W mass.
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Precision Measurement of  the Top MassPrecision Measurement of  the Top Mass

TDR

Aspen Conference Annual Values
(Doug Glenzinski Summary Talk)
Jan-05: ∆Mt = +/- 4.3 GeV 
Jan-06: ∆Mt = +/- 2.9 GeV
Jan-07: ∆Mt = +/- 2.1 GeV Note we are doing almost 1/root-L even now

Setting JES with MW puts us  significantly ahead of the projection based on 
Run I in the Technical Design Report (TDR). Systematics are measurable with 
more data (at some level- but W and Z are bright standard candles.) 
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Where is the Higgs? Where is the Higgs? Mtop vs MW

1σ

Central Value 
Tev/LEP2

Assuming SM (H->bb)!

Note log scale!

Central value prefers a light (too light)  SM Higgs
Puts a High Premium on Measuring Mtop and MW precisely, no matter what 
happens at the LHC (really diff. systematics at Tevatron.)
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Direct Limits on SM HiggsDirect Limits on SM Higgs

CDF has updated 
low mass region

D0 has updated 
high mass region

This is the 
factor one 
needs to get 
the 95% CL 
downto the 
SM Higgs 
Xscn
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Direct Limits on SM HiggsDirect Limits on SM Higgs--cont.cont.

CDF has recently (1/31/07)
updated high mass region

D0 has recently (3/12/07) 
updated low mass region

I’m not willing to prognosticate (other than to bet $ we don’t see 
the SM Higgs)- would rather postnosticate. However, lots of 
tools not yet used- we’re learning many techniques, channels,…
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Direct Limits on SM HiggsDirect Limits on SM Higgs--cont.cont.
New (April 6) D0 combined limit (no CDF/D0 comb. yet)

CDF has updated 
low mass region

D0 has updated 
high mass region

With 5X the data and X 2 Expts the expected limit covers the entire region up to 
190 GeV even with no improvements in tools.We expect to improve the tools..

Need a factor of 8 
at mH=120 GeV

This is the 
factor one 
needs to get 
the 95% CL 
downto the 
SM Higgs 
Xscn
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Compare to Early Higgs Compare to Early Higgs 
EstimatesEstimates

Factor of ~2

Overly optimistic given present state-of-the-art-
There are possibly large factors to be gained, however  
(jet resolution, triggers,…)- this is the present challenge at the Tev.
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Higgs Limits have gone faster than Higgs Limits have gone faster than 
1/root1/root--L; faster than 1/L,evenL; faster than 1/L,even

Z Hll, WH 
*BR(Hbb)

Z Z HnunuHnunu
Comment 
from 
already 
smart 
Russian 
grad 
student 
on seeing 
plot

Xsctns to compare to

# ev/fb produced

HJF preliminary

Not guaranteed!!

(Smarter, that is)
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Recent Measurement in Recent Measurement in ττ−−ττ
ChannelChannel-- CDFCDF

“The  Excess is not Statistically Signficant- We need more 
data…before we draw any conclusions”- CDF
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Recent Measurement in Recent Measurement in ττ−−ττ
ChannelChannel-- D0D0

D0 has  a dip at 160 in the same channel. (It pays to be patient
and hang in there on the Higgs- a learning process…)
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PbarPbar--pp -->>bbhbbh, , --> 4b’s> 4b’s

Dawson, Jackson, Reina, and Wackeroth; hep-ph/0603112

MSSM Higgs Sector is complicated, but in many regions of space get 
a SM-like H, but with a possibly larg tan(β)-squared enhancement   
(see, e.g. Carena, Menon, and Wagner- arXiv:0704.1143 (Apr. 07)

Tag the 1 b from 
production- look 
for 2 b’s from 
the Higgs
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PbarPbar--pp -->>bbhbbh, , --> 4b’s> 4b’s
MSSM Higgs Sector is complicated, but in many regions of space get 
a SM-like H, but with a possibly large tan(β)-squared enhancement

D0 limit (old) from
July 2006

1σ on 95% limit (??)

2σ on 95% limit (??)
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Searching for SUSYSearching for SUSY

See `A See `A SupersymmetrySupersymmetry Primer’  by S. Martin; hepPrimer’  by S. Martin; hep--
ph/9709356 for a really nice intro to SUSYph/9709356 for a really nice intro to SUSY
Many (>100) parameter spaceMany (>100) parameter space-- decay chains of heavy decay chains of heavy 
sparticlessparticles have many possibilities (e.g. the photon have many possibilities (e.g. the photon 
story)story)-- `You could be up to your navels in SUSY and `You could be up to your navels in SUSY and 
never know it’never know it’-- C. PrescottC. Prescott
However there are popular  `golden’ modesHowever there are popular  `golden’ modes--

squark and squark and gluinogluino (strongly produced) into (strongly produced) into met+jetsmet+jets
CharginoChargino--neutralinoneutralino (weakly produced) into (weakly produced) into trileptonstrileptons
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Met+JetsMet+Jets Squark/Squark/GluinoGluino SearchesSearches
Select Events with Missing Et (Met), 3 jets, and large
HT (total Et of the jets)-

Jet Triggers

Met>70,3 Jets>25, 
DP(J,Met),no Z

Met   HT  Jet1  Jet2
75    230    95     55
90   280    120   70

120   330    140  100
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Met+JetsMet+Jets Squark/Squark/GluinoGluino SearchesSearches

Data vs Expectations(SM theory only)

Missing Et spectrum vs SM expectations                Expected (SM) vs Observed in 3 regions)
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Met+JetsMet+Jets Squark/Squark/GluinoGluino SearchesSearches

Data vs Expectations(SM theory only)

Limit Plot at one point (the diagonal)
One Point in a 100+ dimensional space
(I don’t understand such plots… much 
prefer simpler comparisons, e.g. vs the pair 
QCD cross-section for heavy quarks..)
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2 fb2 fb--11 Prospects (caveat emptor)Prospects (caveat emptor)
Credit: Mario Martinez-Perez (CDF)

(Tev-2000)

(an 
optimistic 
point)
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Chargino/NeutralinoChargino/Neutralino SearchesSearches
Signature is 3 leptons (think W-Z, with twiddles: one (of many 
searches) is for 2 same-sign leptons

Ask for 2 SS 
leptons, Et>20,10, 
Mll>25

Met>15, no Z(ee) 
or Z(mumu)

Expect 8, see 13
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Chargino/NeutralinoChargino/Neutralino SearchesSearches
Pt of leading lepton has some events on tail  - electrons- interesting, 
and now cuts are set… (a priori better than blind!)

Note 
Events 
on 
tail…
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Searching for GMSBSearching for GMSB

Photons (gammas ) from Photons (gammas ) from PhotinoPhotino decay are decay are 
characteristiccharacteristic-- LSP is typically a light LSP is typically a light GravitinoGravitino
Have Have diphotondiphoton and single photon trigger paths, so and single photon trigger paths, so 
one has event samples with one has event samples with γγγγ+X+X, , γγ+X+X..
Photon identification relies on an EM cluster, shower Photon identification relies on an EM cluster, shower 
shape (transverse and longitudinal), and no trackshape (transverse and longitudinal), and no track
Backgrounds are from Backgrounds are from pizerospizeros, etas, photons in jets , etas, photons in jets 
=> use isolation=> use isolation
Pure background samples don’t existPure background samples don’t exist-- Compton Compton 
diagram gives diagram gives photon+jetphoton+jet events in jet samples.events in jet samples.
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Searching for GMSBSearching for GMSB

`Famous’ 
eeggmet Event 
from CDF- way 
out on tail of 
many 
distributions- 2e, 
2gamma, and 
met 
distributions. 
Large Ht too..
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Low-mass/low met SM, ..e.g. eeggmet
Event Followup (lg+X,gg+X)

RunI eegammagamma+met event; 
also,in g-l+X found a 2.7s excess over 
SM.  From PRL:
CDF Run I PRL: ..”an interesting 
result, but … not a compelling 
observation of new physics. We look 
forward to more data…”
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eeggmet Event Followup
Andrei Loginov repeated the lgmet analysis- same cuts (no 
optimization- kept it truly a priori. Good example of SM needs…

Run II: 929 pb-1 at 1.96 TeV vs Run I: 86 pb-1 at 1.8 TeV

Conclude that eeggmet event, l+g+met `excess’, Run II Wgg event all were 
Nature playing  with us- a posteriori searches show nothing with more data…
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SignatureSignature--Based High Pt Z+X SearchesBased High Pt Z+X Searches

PTZ> 60
PT

Z>0 PTZ>60

PTZ>120

Njets for PT
Z>0, PT

Z> 60, and PT
Z>120 GeV Z’s vs 

Pythia (Tune AW)- this channel is the control for 
Met+Jets at the LHC (excise leptons – replace 
with neutrinos).
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SignatureSignature--Based High Pt Z+X+YBased High Pt Z+X+Y
Simple Counting Expt- ask for a Z + one object, or Z+ 2objects

Z+X+Y+anything

Two Objects

One Object

Z+X+anything
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Communicating results of searches   Communicating results of searches   
to Theoriststo TheoristsProposal (R. Culbertson et al, Searches for new physics in events with a photon and 

b-quark jet at CDF. Phys.Rev.D65:052006,2002. hep-ex/0106012)- Appendix A:  

Comparison of 
full MC with 
the 3 methods:

Conclusion-
good enough 
for most 
applications, 
e.g. limits…

Case for gamma+b-quark+met+x (good technisig)

3  Ways: 
A. Object Efficiencies (give cuts and effic.  for e, mu, jets,b’s. met,….
B. Standard Model Calibration Processes (quote Wγ, Zγ, Wγγ in lγmet,e.g..)
C. Public Monte Carlos (e.g. John Conway’s PGS)

True Acceptnce Ratios to True (ABC)
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Tools needed at the Tevatron (20 yrs later)

HT for PT
Z>0, PT

Z> 60, and PT
Z>120 

GeV Z’s:    ee (Left) and µµ (right)

Jet fragmentation in the Z=1 
limit for photon, tau fake rates 
(see a difference in u,d,c,b, 
gluon jets)

Njets >2,3,4,… for γ,W,Z
W,Z, γ + Heavy Flavor (e.g. 

Zb,Zbj,Zbbar ,Zbbbarj,….-
normalized event samples)

Better, orthogonal, object ID
Optimized jet resolution 

algorithms 
etc…. (tools get made when it becomes 

essential- `mother of invention…’)

Some topical typical examples:
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Really hard Problems (among many)Really hard Problems (among many)
my my ideosyncraticideosyncratic and arguable listand arguable list

1.1. How to get the How to get the systematicssystematics of of W+jetsW+jets and and Z+jetsZ+jets
(and (and γγ+jets+jets) predictions down to SUSY levels () predictions down to SUSY levels (pbpb
from from nbnb))

2.2. QED and QCD ISR together at high accuracyQED and QCD ISR together at high accuracy
3.3. Luminosity bookLuminosity book--keepingkeeping-- a nightmarea nightmare
4.4. Orthogonal sensible object IDOrthogonal sensible object ID
5.5. Underlying event, trigger biases, …Underlying event, trigger biases, …
6.6. Following the quark (flavor) flow by particle IDFollowing the quark (flavor) flow by particle ID
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Problem of Problem of NjetsNjets ((W+Nj,Z+NjW+Nj,Z+Nj))

Crossection vs number of jets 
in W and Z events

% uncertainty vs number of 
jets in W and Z events

So, switch to a measurable that is 
more robust: look for new physics 
by precise measurements of 
(W+Njets)/(Z+Njets)

Systematics at few % level 
(PRD68,033014;hep-ph/030388
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The attraction of hardware upgrades
Find grad students love Find grad students love 
building hardwarebuilding hardware--e.ge.g CDF CDF 
LevelLevel--2 trigger hardware 2 trigger hardware 
cluster finder upgrade:cluster finder upgrade:
Trigger is a place a small Trigger is a place a small gpgp
can make a big difference,can make a big difference,
E.g., Met trigger for ZH,.. at E.g., Met trigger for ZH,.. at 
CDF CDF 

Met calculated at L2 only- design 
dates back to 1984.  Losing 30% 
of ZHnunu…Upgrade (now)!

L2Cal Upgrade 
Group – new
Cluster finder 
algorithm/hdwre
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The attraction of hardware upgrades
(this is a little over the top- ignore it if you  want to, please)

Could even imagine Could even imagine 
bigger upgradesbigger upgrades-- e.g. may e.g. may 
want to distinguish Wwant to distinguish W--
>>csbarcsbar from from udbarudbar, b , b 
from from bbarbbar in top decays, in top decays, 
identify jet parents,..identify jet parents,..
Outfit one of the 2 Outfit one of the 2 
detectors with particle detectors with particle 
IdId-- e.g. TOF with e.g. TOF with σ σ <= <= 
1 psec: 

Collect signal here

1 psec: 

Incoming particle makes light in window:

Micro-channel Plate/Cherenkov Fast Timing Module
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Electronics for TOF measurements:Electronics for TOF measurements:

Most Recent 
work-

IBM 8HP 
SiGe process 
Fukun Tang 
(EFI-EDG)

3a. Oscillator with 3a. Oscillator with predicted jitter ~5 predicted jitter ~5 femtosecfemtosec (!)(!)
(basis for PLL for our 1(basis for PLL for our 1--psec TDC) .psec TDC) .
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Geometry for a Collider DetectorGeometry for a Collider Detector

Coil

2” by 2” MCP’s

Beam Axis

““r” is expensiver” is expensive-- need a thin segmented detectorneed a thin segmented detector
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A real CDF Top Quark EventA real CDF Top Quark Event

Fit tFit t00 (start) from all tracks(start) from all tracks

W->charm sbar

W->electron+neutrino

B-quark

B-quark

T-quark->W+bquark

T-quark->W+bquark

Cal. Energy

From electron

T-Tbar -> W+bW-bbar

Can we follow the color flow through kaons, charm, bottom?   TOF!

Measure transit time hereMeasure transit time here
(stop)(stop)

TRIDENT
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Summary of Tevatron NowSummary of Tevatron Now
1. Tevatron running well – expect >= 1.5-2 fb-1/yr/expt of all goes 

well (could even be somewhat better- there are more pbars).

2. Experiments running pretty well and producing lots of hands-on and 
minds-on opportunities (lots of room for new ideas, analyses, and 
hardware upgrades (great for students!)

3. Doubling time for precision measurements isn’t set by Lum- set by 
learning. Typical time constant ~ one grad student/postdoc.

4. Precision measurements- MW, Mtop, Bs Mixing, B states- MW and 
Mtop systematics statistics-limited

5. Can make a strong argument that pbar-p at 2 TeV is the best place 
to look for light SUSY, light Higgs,…; as met at EWK scale, 
(MW/2,  Mtop/4) doesn’t scale with mass, root-s, and tau’s (maybe 
b’s) are better due to lower mass in detector, and SVT and L1 
tracking triggers, 

6. All of which implies keep the Tevatron running until we know that we 
don’t need it (and keep Fermilab strong for the ILC bid too!)
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The End The End 
“You could be up to your belly-buttons in (SUSY) and not know it..”- C. Prescott

Come join us looking- at least for a while it’s still the best place in town to learn
the trade  with real data- complements the (tremendous) fun of commissioning a 
new detector…



Referemces:

And Many Thanks to the Organizers for a wonderful meeting!
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The Quarks- Follow the Flavor….
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BACKUP SLIDESBACKUP SLIDES
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Generating the signalGenerating the signal

Use Use CherenkovCherenkov light light -- fastfast

A 2” x 2” MCP-
actual thickness 
~3/4”

e.g. Burle 
(Photonis) 85022-
with mods per 
our work

Incoming rel. particle

Collect charge here-differential
Input to 200 GHz TDC chip

Custom Anode with 
Equal-Time Transmission
Lines + Capacitative. Return
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Major advances for TOF Major advances for TOF 
measurements:measurements:

Output at anode 
from simulation of 
10 particles going 
through fused quartz 
window- T. Credo, 
R. Schroll

Jitter on leading 
edge 0.86 psec
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High Pt Photons as New Physics Signature: 
(e.g. CDF  Run1 eeγγ,  µµγγ events)

Are anomalies real? Experiments see only upward 
fluctuations- can estimate luminosity needed to get to the 

mean (though huge uncert.)- wonderful to be getting more data
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‘‘Understanding Objects’ and their limitationsUnderstanding Objects’ and their limitations

ExampleExample-- electroelectro--magnetic (magnetic (emem) cluster) cluster

Photon

Electron-

Electron+

Identify an em
cluster as one of 3 
objects: (CDF)

E/p < 2: Electron

E/p> 2: Jet

P <1: Photon
Where p is from track, E 
is from cal

E/p measures 
bremstrahlung fraction Recent ‘typical’ zoo event  (only an example)
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