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Outline

Theory Overview on Top Physics in Zack Sullivan’s
lectures from Friday and Saturday

* Being an Experimentalist
* Acquiring Top Events

e Measuring the Top Mass
e Finding Single Top

e Conclusions

Caveat: Will focus on measurements from the Tevatron with a CDF bias
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How Does a Rolex Work?

* An HEP experimentalist
would do the following:

— Purchase many watches --
ten of thousands!

— One at a time, throw them at
* a brick wall (fixed target)

e or another watch
(colliding beams)

— After each collision observe
the remaining pieces

— Statistically collect
information for all the
collisions

— Draw conclusions on how
the watch works.
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Fermilab
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Making Particles

energy energy




It’s a Bit More Complicated
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Hadron Colllder Detectors

A detector cross-section, showing particle paths
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Hadron Collider Detectors
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Standard Model and Top Quarks
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The “Golden” Quark

* Size of gold atom M, =175 GeV

— Only fermion with mass near EW scale.
— Does it play a role in EW symmetry breaking?

. 24 -1 -1
e Very short lifetime | Ty, ~107's, ' = (1-5 GeV)
— Top quarks decay before they hadronize.
e Study the decay of a bare quark

* Momentum and spin of the top are transferred to
its decay products

* Fundamental question: Is it the truth, the Standard
Model (SM) truth, and nothing but the truth?

— The top quark is an ideal place to look for Beyond the
Standard Model Physics!
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Why physicists really want to study Top...

I wWork with Qo0 060.«. I'Mm
q‘v\qvks getiing all
/ 3°°Se\w|m?y.

—
Khnilgaat
G

© 1995 Los Angeles Times Syndicate

When Trish discovers Ned works excfusively with
top quarks, she will be putty in his hands.
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Top Quark Production

1 top pair in 10 BILLION inelastic collisions at Vs = 1.96 TeV

- 1
q t = Total inelastic
= 16°
S Lmb
§ 10" bb 6x10°
q t 5165 Lub
Tevatron (1.96 TeV) ~ 85% W
LHC (14 TeV) ~ 10% 10° :ZZO
g t _10- no 7
10
tt
-12 @
10 ;pb\
14
10 Higgs (ZH + WH)
9 t B i
Tevatron (1.96 TeV) ~ 15% 100 120 140 160 180 200
LHC (14 TeV) ~ 90% Higgs mass (GeV)/c2
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Characterize Top Events by W Decay

[t—>Wb ~ 100%]

all hadronic
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tau plus jets

ev/uv Tv

dilepton & lepton plus jets

ev/uv Tv |
W decay mode

Lepton = electron or muon
Taus are treated separately
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Dilepton Channel
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Lepton + jets Channel
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All-Hadronic Channel

!

all hadronic

b jet

, \' jet
S

jet
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Lepton + Jet Top Event from CDF

See S. Kuhlmann’s talk for
event displays of simulated
top events from the LHC

Run 167139
Event 1191211

Muon




Collecting Data at CDF

* Tevatron:
— 36 p x 36 p bunches

— collisions every 396 ns
— 1.7 MHz of crossings

 CDF 3-tiered trigger:
— L1 accepts ~25 kHz
— L2 accepts ~800 Hz

— L3 accepts ¥150 Hz
(event size is ~250 kb)

* Acceptrate ~1:12,000

Reject 99.991%
of the events!

Detector

0.75 Million Channels
1.7MHz of Crossings

r-kl |‘ -| %E-

Charge Time  Pattern

Level-1/2 Triggers

Hardware Trigger
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Monitoring

CDF Trigger System
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Triggering

* Want to trigger on
physics information
— # of jets, leptons, tracks
— Amount of E;, MET or P,
* Top “Signal” Triggers

e Example of jet trigger in a — High P; Leptons
three level trigger system (primary trigger)
— Level 1 cut on E; in one — Jets plus MET

calorimeter tower

 Top “Background” Triggers
— Level 2 cluster towers

— “Looser” samples to measure
together to get better E; efficiency of the “signal”

resolution triggers and to understand
— Level 3 reconstruct the backgrounds

jet using a jet algorithm — Calibration samples to

measure b-tagging efficiency
and jet energy scale




Tools for Finding Top (1): b-tagging

/ ‘,
g
f

Secondary Jet / b jet

Vertex .
Tagging  MISES Most backgrounds to Top do not

contain bottom quarks so tag’em:
b-quark lifetime: ct ~ 450 um
Primary vertex
. 9\ d b quarks travel ~3 mm before decay
d

A

Decay lifetime %’

Lxy // econdary vertex
Z

" /

Soft Lepton Tagging — look for low P; lepton

inside jet from decayof b »> ¢ > IvX
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Tools for Finding Top (2): MET

 Unlike e* e colliders, we don’t know what hit what.
— We don’t know p, of the collision.

— We do know p, and p, so use the “transverse missing
energy” ( Eror MET).

 General idea:

— Add up all (vector) energy in the XY
plane, both “clustered” (part of
reconstructed jets, leptons, etc.)
and “unclustered.”

Run 178855 Number of Jets = 4
Event 5504617 ﬂ// // Nuon Bt = 37 GeV

* Reality: N\
— Need to take into account jet
corrections, muons, underlying
events, extra interactions (pileup), ...

agged
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Tools (3): Jet Reconstruction

v! b jet
Theory Experiment

Must Convert “raw” jets to “corrected”
jets (Jet Energy Scale or JES)

— Takes into account detector effects,
neutral particles in jets, particles
outside of the jet cone, underlying
events, multiple interactions, ...

For more details on Jets see talks
by Nikos Varelas on Monday and

Rick Field on Wednesday
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What Can We Measure about Top?

cross section

decay kinematics resonance production Top pairs: o(tt) ~7 pb
single top, V,, * Cross section
®* Production mechanism

* Properties: Mass, Electric
Charge, Width

* W helicity in top events
®* New physics in X— tt

* Anomalous couplings,
width/lifetime W helicity _ new particles
spin correlation Single top: o(tb) ~3 pb
* Cross section
mass branching ratios o IVl
charge rare decays

* Top polarization

e
t—>H™D, ty * New physics?
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Why Measure the Mass

2
. xm H <In(my)
W W W - "\\ w
Fits use latest top " [VVVLIIRFUROR UROR, VOOR
mass (March 2009) 5 a2 M, =163 GeV
T T T T o F :'
{ —LEP2 and Tevatron (prel.) ; Ao = |
80.5 - LEP1 and SLD 57 — 0.02758=0.00035 7]
68% CL ) % i -+ 0.02749x0.00012 T
— 4 % i+ incl. low Q° data —
o L -
Q) Y B I Ve Al |
— 80.4 : 3 3

; 4
S 5 i
80.3 - 14 a
_ v 0 | Excluded N Preliminary

150 175 200 30 100 300

m, [GeV] m,, [GeV]
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Top Mass (GeV/c2)
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l From the EW Fits

B pp colliders limit

¢ e+e- colliders limit

B CDF Run1

ED0 Run1

= Run1 World Average

® D0 Run2 average/best result

® CDF Run2 best measurement

® Current world average

1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Year
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Measuring the Mass ain’t Easy

What a theorist sees... What an experimentalist sees...

| ESR jet

v b jet
Challenges: Solutions:

« Combinatorics » Sophisticated analyses
- Jet Energy Scale (JES) * In-situ W—jj calibration

(more on this later)

June 30, 2009 K. Tollefson, 2009 CTEQ, Madison
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A Simple Mass Fit: Template Method

Use 2 fitter to reconstruct lepton+jet events:

Object Resolution Unclustered Energy Constraints
i,fit I,meas\? fif __ [7meas)2
2 _ Z (pr" —pr ) 4 Z (UJ U )
L= o2 o?
i=0 4 jets i =X,y J

(Mjj —Mw)* (M —My)* | (Myj;—M{°)?  (Mppy — M)

+ + +
Iy I I7 I7
W mass constraints Top mass “constraints”
b jet —— * Using 4 highest E; jets have 24
combinations:
‘ — 12 correspond to the jet parton
{ match
ISR et — every combination has 2 solutions

for neutrino P,

* Take lowest %2 combination as top
mass value and make templates

\r’ b jet )
Julic oy, cuuo . runeison, 2009 CTEQ, Madison 28




Template Method (cont.)

1-tag Lepton+Jets Background
(2]
= 0.1 [
5 [ 0.12]- BWbb
20.08 - — M, = 160 (GeV/c?) . X [JWcc
i 2 g - . WC
0.06F — M, =170 (GeV/c’) o.08f
- <
. — M, = 180 (GeV/c)) Z0.06f
0.04[— % X
N ©0.04}-
L w :
0.02 — 0. 02:
Il Il ‘ Il Il Il Il ‘ Il Il Il Il L - ¥ I—— L o C
150 200 250 300 §50 150 200 ) 250 300
M= (GeV/c") m{*>® (GeV/c’)

. N
(np — n2)2> « i—I s Psig(Mi, Yis Miop, Ayrs) + npPyg(mi, i)

;zb =1 Ng + Np
Minimize likelihood with respectto =
top mass and expected amount of
signal and background events .
03764720080° K. Tollefson, 2009 CTEQ, Ma g T e
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Template Fit in Other Channels

biet \| /J Dilepton case (under-constrained):
g — Use “Neutrino weighting method”
: [ — Assume M, and n of both v
EN — Solve for P, and P, of neutrinos

4 DN — Form weights comparing solutions
/ to measured MET

— Sum over all solutions to get
weighted M

top

All-hadronic case:

— Use 6 highest E; jets but swamped
by backgrounds and radiation jets

— JES systematic uncertainty large

jet b jet
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Jet Energy Scale (JES)

calorimeter jet

Non-uniform
response

|

~ particlejet |
]

Diff. response \

of w0/mi+-
Non-linearity

~—
)

Shower,

fra ntation |

® —>*"4—
ay

See also talks by Nikos Varelas and Rick Field
June 30, 2009
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-

Relative using dijet balance: to make
response uniform in

Multiple ppbar interactions: pileup

Absolute correction using dijet MC tuned
for single particle E/P, material, and
fragmentations: due to non-linear and
non-compensating calorimeter

Underlying events due to spectators

Out-of-Cone : due to energy outside
cone

31




In-situ JES Measurement

- —-1.0 A (0,)
q F —0.0A(0)
é —+1.0A 4 (0,)
q -
E'etzEmeas(1+A JES *OJES(P’()) %; 60 70 80 90 100 110
J \ ] M, (GeV/c?)
01 T 1 T 1T 7T T T T L L 1T T TT T 1T LI "a pu|
E ) Sylslemalic u!\cenain I.Cone 0.4 ! E 3 : I :
3] 0 08 = uadratic syl of all contnbutions ﬂ 1
s CUN e :bs:Iule jet e:gy"scale ’ . qﬂ : :
g 0.06 — ———— Out-of-Conclll Splash-out — - .
=] C Relative - |<0.6 ] 0 el B
g 004__ Oy Underlying Event 1 L -
= = ] B ]
§ 0.025= i - 1
I E |
L2 0 ‘ C ]
g T -0.51 ]
8 002w mm et L I = r ]
8 - - i
& -0.04— — ac ]
oosE- --- Out of cone E - | ]
F --- Absolute ] 1.5_COF Run Il Preliminary (196, |, , |, , , | {
-0.08| — 166 168 170 172 174 176 178
" | | | | | | | | - M, (GeVic?)
_01 L1 L1 1 111 111 L1 1 11 11 L1 1 | | _) _)
20 40 60 80 100 120 140 160 180 200
Corrected jet P; (GeV) ,__,% (mt -x) ; og (mt y GJES .X)
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Reconstructing the Mass

|. Template-based

Reconstruct mass
for each event

computationally simple

events have equal weight

2. Matrix Element-based

Form per-event

probability using
matrix element

account for all detector effects
June 30, 2009

Form “templates” for signal
(varying Mop) and
background using simulated
events

Perform maximum
likelihood fit to extract
measured Mo,

Advantages: Takes all (simulated) detector effects into account, (relatively)

Disadvantages: Only single number (recon. mass) per event in final Likelihood, all

Form ensemble
probability and calibrate
using simulated events

Integrate over
unmeasured quantities

Advantages: More statistical power, probability curve rather than single mass per
event, events weighted naturally
Disadvantages: Complex numerical integration (much CPU)—machinery does not

K. Tollefson, 2009 CTEQ, Madison 33




Generic Matrix Element Method

Probability to observe a d"o is the differential
set of kinematic variables | cross section
x for a given top mass Contains (LO) matrix

element squared

W(x,y) is the probability
that a parton

level set of variables y
will be measured

as a set of variables x

1

Psgn ('x;mt)

d"o(y;m,)dq,dq, f(q,) f (%)#V(x,y)

o(m,)

f(q) is the probability distribution
Normalization depends on m, that a parton will have momentum q

e Additional background probability term with
varying levels of sophistication

/
Q \ ; A\ * Maximal extraction of information, but phase
space integration is very CPU intensive
* |

~

)
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Philosophy in Run Il

March 2007

Mass of the Top Quark from CDF (*Preliminary)

Run J,Digpton 167.4 £10.3+ 4.9

( 100 pb
Run JpeBton+Jets T 1. +5.1+5.3
Run Labets 186.0410.0+ 5.7
‘Dilepton: Template  p; 169.1+ 52 + 3.1

.. - =
Dl(lgi)tggl:)_]'emplate t p, with xsec. 170.7 + g:g +3.6

"Dilepton: ] emplate lepton Pr

oo ) 156+ 20+ 5

Dilepton: v weight 172.0+ 53 +3.6
Dilepton; Matrix Element 170.4+ 3.1+ 3.0
Lepton-gts: MTM Matrix & 1727+18+12
'Lepton+ths: DLM + +
'Lepton+J§ts: M%P +W—jj + +

oo 551 Mreco 171.6+2.1+ 1.1

. pato .

Al-dets: Myceo W i 171.1£2.8+3.2
* . aato
All-dets: Myeco 174.5+2.2+4.8
D aargh 07 170.5+ 1.3+ 1.8
"Tevatron March’07

(CDF+DO Run I+1]) 170.9 i(slérj) 1; (L.y?w

y’/dof = 5.5/6 (51°(o)
| | 1 1 I
150 160 170 180 190 200

My, (GeV/c%)

A Mtotal) GeV/c?

-
(=]

—

March 2009

i CDF Top Mass Uncertainty
(projection from 680 pb™)

1fb"' 2fb" 4fb”" 8fb"

\

v CDF Results

Run lla LJ goal (TDR 1996)

Scale A(stat) /NL, Fix A(syst)
(assumes no improvements)

__________ Scale A(total) /\L
B (improvements required)

' I Lol I Lol

10° 10*

Integrated Luminosity (pb™)

fson, 2009 CTEQ, Madison
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Tevatron Top Mass (March 2009)

Mass of the Top Quark (*Preliminary) CDF Top Quark mass (*Preliminary)
) L
CDF-l di 167.4£10.3£49 | = °
S -nadaronic
DO-l di- 168.4+12.3+ 3.6 (Run ) . 186.0210.0% 5.7
'CDF-Il di- Dilepton
171.2+27+29 (Run I 167.4+10.3+4.9
'DO-II dil ¢
- +29+ -
. 174.7+29+24 L_e(patz):-;]e_ts _________ 17614512 5.3
CDF- 14 176.1+ 5.1+ 5.3 : —— |
—_——— Dilepton
DO-1 I+ 180.1+ 3.9+ 3.6 (1.9 171.2£2.7+2.9
. _ s e N ®
COFIl 1721+ 0.9+ 1.3 oy yiepton B8 1753+ 6.2+ 3.0
DO-I1 14 | B | -o~
- 173.7+ 08+ 1.6 '
| . At 1721409+ 1.3
CDF-lall 186.0+10.0£5.7] | —o—
. e All-hadronic
CDF-Il all-j 1748+17+1.9 (2.9 ) 1748+1.7+£1.9
. - . . -8~
CDF-Il trk 175.3+ 6.2+ 3.0 CDF W.ljnter 09 1726+ 09+ 1.2
.Tevatron March'09 B (217 (stat.) + (syst.
hep-ex/0903.2503 1731 i(?t'a?)i; }g;lst, ¥2/dof = 3.6/6 (73%)
y?/dof = 6.3/10.0 (79%) | | | | | |
| | | i 150 160 170 180 190 200
150 160 170 180 190 200

My (GeV/c?)

)09 CTEQ, Madison

My, (GeV/c?)

Runl

Each channel Runll '
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Systematics, Systematics, Systematics

Current list: Working on:
— 4 )
1. JES (for non-in situ) 1. MC generators: checking
2. Residual JES against NLO MCs
3. b-JES 2. Color reconnection —
4. ISR&FSR \ more later Y,
5. PDF uncertainties Systematic LJ | DIL | Combination
6. Generator & modeling Residual JES  [0.7] 3.3 0.6
. . . Generator 0.7 1.2 0.7
7. Multlplfa interactions PDFs 03l g 03
(a.k.a Pile-up) b-JES 0.2| 0.2 0.2
. bkgd shape 0.2 0.3 0.2
8. Background fraction & og fraction 0.2 0.2 02
Shape Radiation 0.2] 0.2 0.1
MC statistics 0.1 0.5 0.1
\9' Lepton Energy Scale/ lepton energy scale|0.1] 0.3 0.1
) ) pileup 0.21 0.2 0.3
Systematics ff)r Template Analysis Combinod 1137 T
using 2.7 fb?! _
June 3012009 K Tollefson 2009 CTEQ, Madison 37




Residual JES

e Use jets from hadronic W resonance in messy ttbar
environment to measure the average response of jets

* |n-situ measured JES does not fully measure shifts in JES
scale along different parameter space curves (e.g. jet P, and n)

e Even for in-situ measurement still evaluate JES uncertainty
using standard procedure by shifting JES +/- 10
e Must re-compute acceptances and shapes for both ttbar
and backgrounds

June 30, 2009 K. Tollefson, 2009 CTEQ, Madison 38




JES for b quarks

e Derive JES from W daughter jets, but b jets carry most
M,,,, information
e Study 3 components due to difference between b and g jets:
e Semi-leptonic branching ratios
* Move b anc c BRs together by +/- 1o
e B fragmentation uncertainties
e Reweight to LEP/SLD Bowler parameters
e Calorimeter response uncertainties
e Shift b-jet energies by +/-1% then re-run PEs

June 30, 2009 K. Tollefson, 2009 CTEQ, Madison 39




Color Reconnection Studies

* Pythia 6.4 includes:

— P; ordered showering
which allows for parton

showers to interact with

the underlying event

— new color reconnection
models

e Study by Wicke and

Skands on toy top mass

measurement see ~1
GeV differences

— see Wicke and Skands,
arXiv 0807.3248 and
hep-ph/0703081

June 30, 2009

Proton beam remnant

W
)

Color
Reconnection

(example)

A

Soft Vacuum Fields?
String interactions?
Size of effect < 1 GeV?

o

ntiproton beam remnant

K. Tollefson, 2009 CTEQ, Madison 40




Color Reconnection Studies

Virtuality ordered PS (old)
P, ordered PS (new)
* Results:
— Total spread +/- 1 GeV

« CDF and DO are studying
new Pythia tunes within

our analysis methods
— From preliminary studies
added uncertainty of 0.4

GeV to systematics for the
winter 2009 results

June 30, 2009

Amfs,

R Bl T
4" Tune A
"“ Tune A-CR
"’ Tune A-PT
"‘ Tune DW
"’i Tune BW
11 50
I 52
| NoCR

e« F ¢ |

-10 -5

K. Tollefson, 2009 CTEQ, Madison
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L+jets Template Method

L,, = average transverse decay length of B-

using L,

hadron

L,, < b-jet boost « M

top

-2
10
L 10’
Xy
A
Secoihdary vitx_ LU
\ L displaced track
" 5
10

Myp = 130 GeV
= 180 GeV
— mbp = 230 GeV

L,,(mm)

5

10

15 20

|

Primary vtx \do ! 0 L 2]5
7 \\;. | | | 5y MM
\ ; 100 - CDF Il - 695 pb s
"y e
Mtop = 180.7 +15.5/-13.4 (stat) } ol 4 wer
+/- 8.6 (syst) GeV/c? ol i =

20:‘ ¢ ++++ + K.S. Prob = 16.7%

PRD 75:071102 (2007) | = e Ly(cm)
05 0 05 1 15 2 25 3 35
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L+jets - Combining Lepton P, + L,

CDF Run Il Preliminary (1.9 fb'1) CDF Run Il Preliminary (1.9 tb'1)
[ ttbar. ¢ = 8.2 pb 2
[ Other i > 62p Mean
S0 [ Single Top S 6o [ — +1o
B W+jet A i
40 | I QCD %—_
—e— data o S8y
v

KS Prob  0.986 / s6 |
20 e P, of lepton / saf -~
10} from W decay | | s2| /

S0 E ; . . . . . . . -
130 140 150 160 170 180 190 200 210 220

00 50 100 150 200 250 300 ﬁ Top Mass [GeV /]
LepPt [GeV /]
CD%RK&".P';i'v"i"ary S - Mtop =176.7 +10/-8.9(stat) +/-3.4(syst) GeV/c?
Q
064 | . using L, alone
Joe2 | Xy ] -

<::| Mtop = 173.5 +8.9/-9.1(stat) +/-4.2(syst) GeV/c?
using Lepton P, alone

Combined Result using 1.9 fbL:
Mtop = 175.3 +/- 6.2 (stat.) +/- 3.0 (syst) GeV/c?

130 140 150 160 170 180 190 200 210 220
Top Mass [GeV / ¢']
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Interesting Lesson...

L, and Lepton P, don’t depend on JES, right?

Source of Systematic Error Uncertainty (GeV/c?) S}'?Stelllil‘t ic L.2d L(E‘I)Pt Combination
~ 7 SR N oy o« 1 =
Vonte Catlo Generator 0.7 QCD Radiation ().9 23 l)
. o PDFs 0.3 0.6 0.5
Initial State Gluon Radiation 1.0 o - o o
. o (zenerator 0.7 1.2 0.6
Final State Gluon Radiation 09 [.2d Scale Factor | 2.9 0 1.4
Parton Distribution Functions 0.5 I, ep Pt scale 0 2.3 1.1
L Event Selection (Jet Encrgv Seale) 0.3 | Bke Shape 1.0] 2.3 1.6
Background Shape 6.8 Out of Cone JES| 1.0 0.3 0.6
Background Normalization 2.3 Total 3.4 4.2 3.0
Multiple Interactions 0.2 .
P THETREHO Systematics for L, and LepP,
Data/MC (Lyp) Ratio 4.2 . )
= results using1.9 fb!
Total 8.6
Systematic L2d | LepPt | Combination
Systematics for Lx Level 1, Eta Dependent 0 0 0
result using 695 t;/'l Level 4, Multiple Interactions | 0.1 0 0
8 P Level 5, Absolute 0.2 0.1 0.1
Level 6, Underlying Event 0 0 0
Event selection was affected for evel 7, Out of Cone 0] 02 0.6
jets near 20 GeV threshold cut Level 8, Splash out ol Ol u.d
Simultaneous 1.0 0.3 0.6
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On the Road to Higgs

Total Inelastic

jets (qq, 99, 99)

O
®
-
O
N

Q
O

bb

tt

WZ, Single Top, ZZ 3

———

WH,ZH u

Low Mass SUSY

100

120

140 160 180 200
Higgs Mass [GeV/c?]

M,, ~ 0.05%

Observed WZ, Z2Z
and Single Top

Excluded
160 < MHiggs <170 GeV
at 95% CL




SM Higgs and Single Top

| Production
gg—+

77

Cross section (pb)

N
0.1 =
o
o ZH
-
[
ey
" " A1 ™~ -
100 120 140 160 180 200
< bb | H->ww my (GeV/cd)
1 ; — —-

g \</ s Decay

y/d 2 \ . Single Top
- \ \ Single top is large
¥ B background to low

( ,‘,”‘I) 120 ) 110 ' bl(:;) . THO 200 mass Higgs SearCheSo

m,, (Gevsed
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Single Top Production

At th :
e .
W* -
Tevatron - q
q —
t-channel ~2 pb
6 LA L L
® Standard Model ]}
35 B %  Top-Flavor E
5 (my =1TeV)
— @) Z-t-c FCNC ]
0 45 & (Ere=8)
Q_ 4lﬁFamizly
~— 4 [ x* (@) * V_=0.5) —]
B 3s - Lo =
0 (M, =250 GeV)]
3 -
[Q\|
— 25 + =
2 — —
1.5 —]
1 I ‘ 1 1 | 1 1 | ‘ |
0 0.5 1 1.5 2 2.5 3
InSM G « |V, |2 % (D
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Top Pair Production Cross Section

. t/Vobs_B
o [ Ldt

CDF Run |l Preliminary'

July 2008

CDF Run Il Preliminary L = 2.7 fb™

. Data
Il Top (7.2pb)
[l single Top
Bw.Hr

- Mistags
. Non-W
. Z + jets

- Di-boson

L+jets with
> 1 b-tag

4 Jets =5 Jets

3 Jets

1 Jet 2 Jets

June 30, 2009

" [ Cacciari et al., arXiv:0804.2800 (2008)

Kidonakis & Vogt, arXiv:0805.3844 (20
[0 Moch & Uwer, arXiv:0807.2794 (2008)

Assume m=175 GeVic’
08)

K. Tollefson, 2009 CTEQ,

. 2 21271 N —
Leptons Track 7 8.3+1.3+0.7+0.5
(L=11fb ) /
7
7]
LeptonsTrack: Vertex tag 7 10161 821,406
7
'Dllepton / i
(L 28fb ) 2 67L08L04L04
Lepton+Jets; Kinematic ANNZ
(L=2.81fb ) 7 6.8+0.4+0.6+0.4
, Jii
Lepton+Jets; Vertex Ta /
(=27 o) g g 7.2+0.44+0.5+0.4
. Z P
Lepton+Jets Soft Electron T;
(L=2.0fb) ?{ 7.8+2.4+1.5+0.5
. 7 e
Lepton+Jets; Soft Muon Tag|4
(L=2.0b ) gg 8.7+1.1+0.9+0.5
MET+Jets: Vertex Ta q 0.8
TS 2 6.141.2 +02+0.4
All-hadronic: Vertex Tag ; /A 2.0
ey 7 8.3+1.0 +2%+0.5
‘CDF combinged 2 ““
(=281 / 7.0+0.3+0.4+0.4
7 (stat)+(syst)x(lumi)
| | | I I I I |
0 2 4 6 8 10 492 14
o(pp — i) (pb)




Single Top Event Signatures

1 1 H H Run: 211883 Eyent: 1911511 Et = 101.13 GeV
Top Pair Prod UC‘L'.IOH with decay into 3%#‘32’5@?3%;2 : E\
Lepton + 4 Jets final state are very o2 EL16s Eas) Tageo

QxEta = 2.91 ( . \ }
i

striking signatures!

Track Pt > 1 GeV

0
700 Tower Et > 3 GeV

(VAVAVAVAY.
/ W*
q b

Single top Production with decay
Into Lepton + 2 Jets
final state is less distinct!
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Single Top Backgrounds

CDF Run Il Preliminary, L=955pb’

[l s-channel
I t-channel
Bwob
B wee
we

Mistag
.;Z;vzn - Backgrounds!
W Z+jets | » Best channels S/B~1/20

Wt * Signal smaller than
~+CDF baia background uncertainty!

Vi
ViSO, TSI

W + 3 jets

~ Mistag We

June 30, 2009 K. Tollefson, 2009 CTEQ, Madison 51
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Background Estimates

s-channel

t-channel
Single top

(t

Dibosons

Z+ jets

W + bb

W + cc

W + ¢

W + light flavor
Non-W

Total background
Total prediction

Observed

58.1 + 8.4
87.6 + 13.0 MET + high p; lepton
1457 + 21.4 + 2 jets (with L or 2
204.1 + 29.6 b'tagS) in 3.2 fb1
88.3 + 9.1
36.5
656.9
2922 ~30%

250.4
AW & B Remember Zack’s talk:
89.6 + 35.8 Need help from

2119.3 + 350.9 theorists to understand

W+HF production

2265.0 + 375.4

better
2229
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Analysis Strategy

Tevatron Run Il, pp at s = 1.96 TeV

ﬁomg
. . . a _{Jets -
° ~ =10°] = o CDF Preliminary
Single Top production is rare (~3 pb) _2108? s B CLE Frelinkne)
— Signal:Background (S:B) ~ 1:10° L M Theory
n 10" 3
* First step: E10°]
— Trigger and ID clean leptons/MET 21055 w ,
improves S:B by a factor ~106 g10%; .
: : o 10° W
— High p; lepton triggers (e, 1) i Ly -
. . i WW icg”?
— MET + jets triggers (recover non- 10] ||of magnivatet|  © 4 VY; i ;ZSICS?
fiducial leptons + hadronic t decays) 17 i
N
* Second step: 0
10° T T T T T
— Topological event selection et ""’""'a,i W2 i et Hyle)

— Efficient b-tagging

— Careful background estimates

'g [llsingle top
° i . w JWlb-like
Third step: o —
— Advanced analysis techniques g [mistags

— S:B>1:1in most significant bins oo

Q.7 Q.75 0.8 0.85 0.8 0.85 1

Event Probability Discriminant
June 30, 2009 K. Tollefson, 2009 CTEQ, Madison 53




General Analysis Method

Sighal/Background
Monte Carlo

Cross Section

CDF Run Il Preliminary, L = 3.2 b’

300 200  -100 0 100
Test Statistic [-2In(Q)]

June 30, 2009

Apply MC
Corrections

Analysis Event Selection

Statistical

Any technique to separate
signal from background:
Likelihood functions
Matrix element
Neural network
Boosted decision tree

analysis

Signal Significance

K. Tollefson, 2009 CTEQ, Madison

I

- A
N S RO 777/ A1 5
Discriminant
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Advanced Techniques

CDF Il Preliminary

E —— t-channel
Neural S R mc CDF Il Preliminary
5 tt background g [
Networks g o1 — Webbackground | - i — single-top signal
N - -
Mc CDF Il Preli ﬂ tt background
o E A — c-like background
3 i —— t-channel g 005 o
= — s-channel - 5 % —— b-like background
5 1t backgro o - -~ non-W background
g °® — Wbb backg = N
F == - |
= 2 =
g 0.1 amn g -
2 0.1}
0.05 B
o ]
—

multivariate techniques

Boosted can coax signal out
Decision from large backgrounds
Trees

boosted decision trees, matrix
element reconstruction, bayesian
neural networks, likelihood discriminants
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Observed p-value: 2.5x107: 5.00

1 [ S-Channel
CDF Run Il Preliminary, L = 3.2 fp~ | =% TChannel
500 " B i (Novr Diopt
o ¢ Data 1 = All channels 1 :lwab%"' SR
[ i B tb+tqb DO 2.3fb g 10° CDF 3.2 fb et
- ‘:‘s'eSs
% 400 i oo -
5 i B Wjj+Wej 150 10° - WZ
> Bl Zijets B Non-W
L = M iU —— Data
300 | tt':))l+jets 100
i Bl Multijets
200 - 50 g
&
%6 B
100 5
Y
0 0.2 0.4 0.6 0.8 1
N 0 0102 03 04 05 06 07 08 09 1
Combination Output Neural Network Output
Expected sensitivity: 4.50 Expected sensitivity: >5.90

Observed p-value: 3.1x107: 5.00

June 30, 2009

Single Top has been observed!

K. Tollefson, 2009 CTEQ, Madison
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Single Top Cross Section

D@ 2.3fb™

|
Decision Trees

|
Bayesian NNs
|

Matrix EIem:ents

|
BLUE Combination

|
BNN Combination
|

|
mmmm N. Kidonakis, PRD 74,

14012 (2006) my,, = 170 GeV

L 1

CDF Preliminary Single Top Summary

March 2009 For M, = 175 GeV/c?
S-Channel
3.74 ig?g pb Likelihood, Function | 1.5+ 09
(3.2") Y= 08
4.70 1538 pb
+0.99 Neural Network
4.30 -1.20 pb (3.2 )
Matrix Element
4.16 +0.84 pb (321
Likelihood, Function
3.94 +0.88 pb (321

Boosted Qecision Tree
(3.21")

Combination (Lepton+Jets)
(3.217")

I

also recently NLO t-channel 2—3
Campbell et. al. hep-ph 0903.0005

‘ MET+Jets,
1 (2.1

o (pp — th+X, tgb+X) [pb] ICorr(lginw?g_i;))n (All Channels)

-5 0

NLO: Z.Sullivan, Phys.Rev.D70,114012 (2004)

Single Top Production Cross Section (pb)

NNNLO: N.Kidonakis, Phys.Rev.D74,114012 (2006)

CDF and DO are currently working on a Tevatron combination

June 30, 2009
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Direct |V,,| Measurement

* Use cross section result to measure |V, |
* Assume Standard Model (V-A) coupling
and |V, | >> |V, [Vl
(from BR(t ©>Wb) measurements)

| ‘/tb,meas |2

O'mea,s

CDF Run Il Preliminary, L = 3.2 fo”

9 % i
ar IVl > 0.71 (95% C.L.)
/ ~a 2
E N e
N St
PV, <
Ss - 95%
| vtb | i IV |2
DO combined fit: CDF combined fit:

- o - —

Z. Sullivan, Phys.Rev. D70 (2004) 114012
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Top Physics on Prime Time

The Big Bang Theory!
Mondays on CBS.

-A
Top Branching 5

Fractions b

—

Many more Top results from Tevatron on public webpages:
CDF: http://www-cdf.fnal.gov/physics/new/top/top.html
DO: http://www-dO0.fnal.gov/Run2Physics/top/
top_public_web_pages/top_public.html

June 30, 2009 K. Tollefson, 2009 CTEQ, Madison
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Top Physics at the LHC
LHC 1s a Top Factory

— Top pair cross section grows by x100
(remember Steve Mrenna’s quiz?)

— Access to more rare top decays
for precision tests of SM

— Standard candle
* (Calibration of b-tagging,
jet energy scale, etc.

* Single top test bench for
finding Higgs

June 30, 2009 K. Tollefson, 2009 CTEQ, Madison 60
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New Twist on Template Method

2-tag 2d Signal probability (M,,, = 170 GeV/c?)

e Simultaneous fitin 2
channels :

— L+jets and Dilepton

* In-situ JES calibration
applied in both channels

m<° (GeV/c) * No assumptions:

Tagged 2d DIL Signal probability (Mop =170 GeV/cz)

— Correlations in
systematics

— On likelihood shapes

PRD submitted for 1.9 fb!
result: hep-ex. 0809.4808

0

miece (GeV/c?) ,
Julic JV, 2Uuuz N. 1UIIEIdUII, 2009 CTEQ, Madison 64




Template Results with 2.7 fb!

- e i Systematic | LJ|DIL|Combination
= F . ? —aslogly=05 ] Residual JES  |0.7] 3.3 0.6
a 1:_ ................................................. '.".'.’.‘.'.’.'.'.-..,,,.,.,.’.,.’.I.': .................................. e AlogL)=20 _: Generator 0.7 1.2 0.7
- I R aloghy=45 PDFs 0.3/ 0.8 0.3
0.5 '. ........ ] b-JES 0.2 0.2 0.2
: L~ | bkgd shape 0.2/ 0.3 0.2
of % R gg fraction  |0.2 0.2 0.2
: % H Radiation 0.2] 0.2 0.1
i P MC statistics  [0.1] 0.5 0.1
B 1 lepton energy scale|0.1| 0.3 0.1
i | | | pileup 0.2 0.2 0.3
N CoFiipreliminary 276y | Combined L1370, 11

168 170 172 174 176 178 —
Whop (GeVic') Measurements in traditional

manner (i.e. DIL no in-situ JES)

Mtop = 172.3 +/- 1.5 (stat.+JES) +/- 1.1 (syst) GeV/c?

=172.3 +/- 1.9 GeV/c?

Comparable to L+jets Matrix Element analysis with 2.7 fb1:

Mtop = 172.2 +/- 1.3 (stat.+JES) +/- 1.0 (syst) GeV/c?

=172.2 + ! 1.7 GeV/c?

June 30, 2009 K. Tollefson, 2009 CTEQ, I\/Iadlson
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Optimizing Dilepton Selection

Event selection optimized to yield smallest expected

statistical uncertainty by means of neuro-evolution: Neuro-evolution optimization

e Start with random collection of neural nets :

e Determine analysis sensitivity of each network
(fitness function)

¢ Discard low sensitive nets and combine Step #3: Breed via Crossover and Mutation
topology and node weights through mutation

CDF Runll Preliminary (2.0/fb)

CDF Runll Preliminary (2.0/fb) CDF Runll Preliminary (2.0/fb) CDF Runll Preliminary (2.0/fb)
B 4 Lk A Ll L LA R 7 W F I A RARRE AR EARAN RARRY VP RARAE @ [T T AR T ) T T T[T [rrrTs lllllllllllllkl AT TP h
§ C ager wunBkg. Uncert ] § ##0 Bkg. Uncert. ]| § [ wne Bkg. Uncert : bab
o mZ-ee 4 o - ee ] i1} mZ-ee 9 -
L WZ-we [ , Wz ) - (1] ] Bkg Uncert
Oz=+ 1021 Oz-= 107 L4
10 E [Mlfakes v Wlliakes E F l 2 K E E P - Z_> ee
F [@Diboson 7 [Eoiboson | .
[ [ 1 0 - - Z—? mu -
- Oz>w ]
10 B 7
10 : - B fakes .
. i [[@Divoson |
1t 3 3 ; B 7
0 1 2 3 4 5 6 7 8 9 0 50 100 150 200 250 300 350 20406080_1!)012014021
Number of jets Dilepton Mass [GeV/c Missing E; [GeV/c
CDF Runll Preliminary (2.0/fb) CDF Runll Preliminary (2.0/fb) - —
LA RS LA LAY AR RA AP LA g RN AREE RARRN RN b e AR - —
1u13kg. Uncert J 9 aus Bkg. Uncert. - =
BZ—see ] L [Z—ee | L A
WZ-uu | to? § WZ-u g
Oz= Lk, Oz== 3
--------- Wiakes - o [liakes 4 ~ '
[@Dibosen [@Diboson 4
[ ] [
.
0 1

02 03 04 05 06 07 08 09 1
Neural Net Output
Ref: S. Whiteson and D. Whiteson, Proceedings of the Nineteenth Annual
20 w0 a0 S0 o Innovative Appllications of Artificial Intelligence Conference, p1819-1825, July 2007
Total Vector E [GeV/e K. Stanley and R. Mi]ikulainen, Evolutionary Computation 10(2):99-127, 2002 66

05 0 05 1 15 2 25 3 35
Number ot b-tags




Dilepton Results using 2.0 fb™

« After event select use 22 Size (Gev/c)
] Jet Energv Scale 2.5 |

matrix element Lepton Energy Scale 0.1

. Generator 0.7

teChanue Method 0.4

. Sample composition uncertainty 0.3

* New eventselection  packground statistics 0.5

expected statistical il &

uncertainty ISR modeling 0.3

PDFs 0.6
_g—

improvement of 20% ol .9

Mtop = 171.2 +/- 2.7 (stat.) +/- 2.9 (syst) GeV/c?
=171.2 +/- 4.0 GeV/c?
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L+jets - Template Method using SLTu

] B 2 :
- m=160GeVic® | |nvariant mass of lepton from W and
b AT m=175 GeV/c® £ ilebtonic b d
7\ . mesocewez| Muon from semileptonic b decay
20 7 [CDF Il Preliminary
- 3 Y o 45F -1
s : O e Data, ~2fb
! 4o [ Background
10f- (9353_ — Fit to data
- «© t
o 0f s
g &t :
0‘.'-n|1.|x|x“|1|...l. 'l FNTEE e ..-;'1':7.41:7;:?;': %25:_
10 20 30 40 50 60 70 80 90 10 S F
Invariant Mass [GeV/c?] LW oof
CDF 11 Preliminary (2 fbh—1) E_
= 15 B o mast o
Source Amy [GeV /e -
Linearity +0.3 102_
Background modeling +1.8 5F
Lepton energy /momentuim scale +0.9
SLT momentum +0.9 0 10 20 30 40 50 60 70 80 90 ;00
MC modeling 191 Invariant Mass [GeV/c”]
JES +0.3
PDFs +1.0
Pileup +0.5 2
o o +/- 3.5 (syst) GeV/c
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Top Mass from the Cross Section

D@ Preliminary, ~1 fb” D@ Preliminary, ~1 fb™

2 T —e— i a4 Cacciari et al CTEQ6.6
o= : ......... Total uncertainty 13 DO I+jets/dilepton/l+tau ~1 fb’
12 ——— NNLO_approx Moch & Uwer T 68% CL contour
. NLO+NLL Cacciari et al. 242 ‘. i world average top quark mass
@ f
o1
QO
10
9.
8
7
4 DO combined Xsec 6
—"111' B TR IR T S 51'11[1LllllllllLlJLLv‘.‘JlLlllll.LlliLl
160 165 170 175 180 150 1 160 165 170 175 180 185 190

Top Mass (GeV) top quark mass (GeV)

Using NLO+NLL
Mtop = 167.8 +/- 5.7 GeV/c?
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ISR/FSR

/- Use dedicated Pythia samples with increased/decreased amount of ISR/FSR \
e Variations in pythia parameters are determined by studying dimuon events
only sensitive to ISR

e FSR parameters are varied within similar bounds, assuming the physics is similar
e Extrapolation from DY data to ttbar events is large

e Pythia parameters control mainly the soft part of FSR, might overlook hard (NLO

Ktype) radiation /

B pvine2 / _ . _ . \
sof - PYTHIAG.2: ISR Plus/Minus Will try to pin down this uncertainty band
- e DY data (uu): 193pb’’ by using new data and adding higher mass
% 15[ ® DY data (ee): 193pb‘1“" points
e L
o 101 Currently changed to samples where ISR and
Voot FSR are simultaneously increased or
S5 "Moo | decreased

M? (GeVZ/c?)
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b-JES using Z(bb)

* Di b-jets with Et>22 GeV, A®>3.0,E,>9<15 GeV
using SVT impact parameter trigger at L2
* To measure data/MC b-JES

| CDF Run Il Preliminary L=584 pb |

"'% 12000 .ﬁData Y gsoo ’ + *

(é 10000{- ?12531:‘?1:it::;ﬁkiround : .’. gxP >HaS not appHEd to b'J ES

A 2 WrEnil auae in top mass
8000 — * oF U, 1IANANN L . .

2 - ! PN I | M e different cone size
6000} J Ay W | « different pt spectrum
4000 ."..

20005— | ..‘.’%.
% 20" 20" > J00- 120 140 i60 180 " 200
M, (L5) (GeV/c®)
+0.017
- = -+
b-JES = 0974 £ 0.011(stat) +3,,, (syst)
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Multiple Interactions (Pile-up)

/0 Our MC simulates only one parton-parton interaction per event
e We add additional min bias events according to our lumi profile and determine
JES correction
e |n ttbar events our MC still underestimates the amount of multiple parton-
parton interactions in each collision
K- How does this propagate into an Mtop uncertainty ?

B-Jet Et increases with ~200 MeV

For each additional vertex
Lmoo V""l""']""]""l"'ll""'l"'l!"'l"" T /

3
’ e We find mean of ~2 vertices per event in

or § our current 2 fb! dataset
ki  We know that B-Jets affect M,,, most
801 T * We know how a 1% bjet ET increase affects M,

» Total effect is O(200 MeV) on M

top

70} _ *_ —

J

60 =

N Vertices

June 30, 2009 K. Tollefson, 2009 CTEQ, Madison
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Single Top




1500 |

1000 |

500

Es]]

Single Top Backgrounds

Top/EWK (WW/WZ/Z—Ttt, ttbar)

— Bottaomn

« MC normalized to theoretical cross-section I _ — Charm ik
r r 150 L KHF_1 041004 :thtsum
- i i V y i : + Data
..l Signal Region C driven _
M 100 | + - i
=] L _ _%

20

=

June 30, 2009

""* Residual non-W:

4 5.1%=2.0%

s 50;_'_ ]

jet

data
driven

W+Jets i, Mistag: o= - - -
g ' -1 -0.5 0 0.5 1
2 " Neural Network Qutput
u Wi
40 60 80 100
Missing Transverse Energy [GeV] P

MISTAgS (W+21ets)

 Falsely tagged light quark or gluon jet

e Mistag probability parameterization
obtained from inclusive jet data

« Apply mistag probability to generic W
+jets sample

K. Tollefson, 2009 CTEQ, Madison




B-tagging and Flavor Separation

e Even with a fully reconstructed secondary vertex
required, ~50% of the background in the W + 2
jets sample do NOT contain bottom quarks

e Train Neural Network with secondary vertex
tracking information (25 input variables) for

SecVtx tagging rates:
- Bottom ~50%

- Charm ~9%

- Mistag ~ 0.5-1%

0.15
bottom/charm/light flavor separation

- L,,, vertex mass, track multiplicity, impact

0.1}
parameter, semi-leptonic decay information, etc... »

e Replaces Yes-No tag decision by 0.05 |
a continuous variable (0O<b<1) - used in
all lepton + jets analyses

[ [] wW+bottom

L[] W+light

W+charm

0
mistags /
e Improves sensitivity by ~10-15%!
June 30, 2009 K. Tollefson, 2009 CTEQ, Madison
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Examples of Input Variables

CDF Run Il Preliminary, L=3.2 it =ij“":' CDF Run Il Preliminary, L=3.2 b CDF Run Il Preliminary, L=3.2 6"
4000F - * T T T Mg ‘ ‘ y y y 40 ' - y y y
[EWacharm
[l W-+bottom 250
Eso00 Untagged =7 £ i £ a0 double
g gg =:ihoson g 200 g
Ll -~ Data L u ta ed
%zooo iz % 150 H ﬁ 20 g8 g
5 g S g 5 g
£ & c 100 s = :
Siooo 18 R g S 10 ¢
& 50 g g
0 o 0 5 0 &
20 40 60 B0 100 120 140 20 40 60 80 100 120 140 20 40 60 80 100 120 140
pr() pr(l) p+(l)
_— 1 [ls-channel
CDF Run Il Prefiminary, L=3.2 fb W<raree 300 CDF Run Il Preliminary, L=3.2 6
[CIW-light 0 T T
[@Wscharm
4000 | U nt d WWsbotom 250
o agge o o o
o Woiboson o 200 € 30
lﬂ’iOOO - mt Lﬁ r g
- Data
£ g £ 150} ?oj z
2000 g o g 20 :
© 5 e = o
c = c 100} T© o
© o © % A
O1000 : S O 10 g
50 f g
5 -
5 5
g o
0 ® 0 o z
0 50 100 (VJ)5° o 0 50 100 150
mr my(W)
T e Rl s -channel - -1 s-chamnel
CDF Run Il Preliminary, L=3.2 " =s crarne 200 CDF Run Il Prefiminary, L=325_ e CDF Run Il Prefiminary, L=325_ e
T T T T D wsight F i [Jwlight
Wacharm . [Wacharm
2o} ntagged, oo single double mo
4 Non-W
[@NonW n n
2] ‘» <150} 2 30t Wz
g ol el S tagged S tagged W
> mt ] & mt
w - Data - Data
8 z 2 100 g 2 20} Iz
Hio00 g 3 3 8 :
g g T g T g
3 5 S & ) S 10 )
O s00 g o : o :
g g 2 2
0 5 0 o 0 5
) 1 0 1 > 2 -1 0 1 2 2 -1 0 1 2
(1) n(1) n(1)
K. Tollefson, 2009 CTE
June 30, 2009 ’ .
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Event Fraction

Template Shape Uncertainties

Flavor Separator

W+2Jets 1Tag

Jet energy scale

W+2Jets 1Tag

Factorization and renormalization

scale

c W+2Jets 1Tag
0.15k —— Mistags o 0_1L — single top @ - —— Wbb
] : —— KIT opt t; - —— JES-c - 9 2
Pt @ ! —— JES +c | & 0.06} ., @ =05
0.1F* L. ! |5 [3 — @%=2.0
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e A total of 370 shape uncertainties evaluated!

e Each template, each source of shape error, each channel
(#tags, #jets, extended muon coverage)

e Shape uncertainties affect sensitivity - most are quite small but some
appreciable

normalized to unit area




-

—

Lo

o

Sideband Cross Checks (many...)

Extensive side band cross checks performed to check
modeling before unblinding the signal region.
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Likelihood Fit

Use binned maximum likelihood fit of templates to the data:
E””IHHIHHIImllmllml”IIIHHIHHIHHE Systematic uncertainties can affect
§ Discriminant % rate and template shape and are
§ Z taken into account:
§ /%4 e Rate systematics give fit templates
§ A 4 Z freedom to move vertically only
% Rate and % e Shape systematics allow templates
§ Shape systematics % to ‘slide horizontally’ (bin by bin)

June 30, 2009 K. Tollefson, ZOOI\S;aCdW;Eon




Systematic Uncertainties

Systematic Uncertainty Rate Shape
Jet Energy Scale 0...10% v
Initial + Final State Radiation 0...15% v
Parton Distribution Functions 2...3% v
Monte Carlo Generator 1...5%

Event Detection Efficiency 0...9%
Luminosity 6%

Neural Net B-tagger v
Mistag Model v
Q? scale in ALPGEN MC v
Input variable mismodeling v
Wbb+Wcc normalization 30%

Wc normalization 30%

Mistag normalization 17...29%

ttbar normalization & my 23% v

Also, MC statistics treated
as a source of systematic
uncertainty in each bin
independently

> Largest uncertainty
on background normalization
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CDF Discriminants and expected
Sensitivity with 3.2 fb

0 02 0.4 0.6 0.8 1 0 02

Events

0.4 06 08 1 -1
ME Discriminant

05 0 0.5 1
LF Discriminant NN Discriminant

CDF Run Il Preliminary, L = 3.21b"
- Single Top

B W+HF

B

QCD+Mistag

Events

1

08 07 0.8 09 1

1 0] 02 0.4 06 08 1
LFS Discriminant

Discriminants normalized to prediction
K. Tollefson, 2009 CTE
Madison
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BDT Discriminant
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Combination Strategy

. Combination using “Super Discriminant” (SD)
Initial Configuration: After evolution: @ outnose

- Combine individual analyses into one,
more powerful - use discriminant outputs

as input to NN

- Evolutionary neural networks trained to
give the best expected p-value, not
classification error function

- Candidate networks compete with each other
- Gained 13% over most sensitive input Neuro-Evolution of Augmenting Topologies (NEAT)
K O. Stanley and R. Miikkulainen, Evolutionary Computation 10 (2) 99-127(2002)

B S-Channel

T-Channel

. - -1
CDF Run Il Preliminary, L = 3.2 fo ' = enerne,

e Optimization of g f =i,
- Network topology 2
10°

- Inter-node weights
- Output histogram binning

Mistags
B Zsjets
. ww
Wz

Channels are divided up at least as finely as 1
any ingredient analysis:
(2 jets + 3 jets) x (1 tag + 2 tags) x i o Lt
(2 Lepton Categories) = 8 Channels O OH 0203 0 8 ?igt%rﬁ%ﬁi%ut‘
K. Tollefson, 2009 CTE

Madison
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Combination

High p; lepton + MET + jets MET + jets

® @ 200 ;
c c
g g - CDF Run Il Preliminary, L = 3.2 tb"
Ll W] _+_ B single Top
150 ¢ P wW+HF
I
100 b QCD+Mistag
I other
—e— Data
50
T — V.

0 0.2 04 06 08 1 -1 -05 0

05

1

Super Discriminant MJ Discriminant

Perform combined cross section fit over the two

orthogonal analyses (SD + MJ)

June 30, 2009
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Hypothesis Testing: p-values

p-value = probability of upward fluctuation of
background to the data or something even more “signal-like”
Outcomes ranked as signal-like using -2InQ

Signal-Like Outcomes Background-Like Outcomes P(data | ¢+ b, 9)
* > Q= :
10° 2xt00m " cengndony P(data | b,0)
1075_ Pseudoexperiments
1062_ O=nuisance Neyman-Pearson

Lemma: Q is the
parameters uniformly most powerful
test

1055

Median s+b outcome

104

10°L

Fit for W+LF and W+HF
scale factors. Fluctuate all
nuisance parameters in
Pseudo-experiments

Expected p-v

N

102

10E

)

1 I|II]|III|IIIIIII|II
40 20 0 20 40 60

-2InQ

|II|IIIIIIII

-120-100 -80 -60




Significance

CDF Run Il Preliminary, L= 3.2 fb"'

%108 ; Analysis Significance | Sensitivity
% 107 Std.Dev. (o) | Std.Dev. (o)
g NN 3.5 5.2
g0 ¢ ME 4.3 4.9
gmf’ LF 2.4 4.0
ot LFS 2.0 1.1
5 BDT 3.5 5.2
10 SD 4.8 >5.9
10° | MJ 2.1 1.4
10 _ Combined 5.0 >5.9
T, N/

-300 -200 -100 0 100

Test Statistic [-2In(Q)]

Expected p-value : xxx x10 10: >5.9¢
Observed p-value: 3.1 x107: 5.00

400 Mio pseudo-experiments!
(130,000 CPU hrs)




Two Dimensional Interpretation

e Measure o, and o, separately

e Interesting because s- and t-channels have different sensitivity to BSM models
 Train dedicated s-channel and t-channel discriminants and fit 2D

CDF Il Preliminary 3.2 fb™"  Aln(L)

£ 4.5
S 4 % %0
3 3.5E %ﬂ 25
g 3 20
£25
3 2 15
o
S1.5 10
& i
o 1 5

0.5 '

0k ‘

0051152 253354455
s-channel cross section [pb]

+0.7

o, =2.0 -0pb
— +0
o, =0.7 _Oéb
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& _ CDF Run |l Preliminary, | = 3.2 fb
e CDF Il Data

LF + LFS — Theory(+1o)

P cL
95% C.L.

.....................
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A Golden CDF Event

light jet E, = 52 GeV..__
elect

Event taken
2007/05/27
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Events

CDF Run |l Preliminary, L = 3.2 b

SD>0.72

T [T TT T[T [T [ TT T[T I TTI [ TIT[TTT]

e

E All channels
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I s-Channel
I T-Channel
[T i (Dilepton)
tt (Non-Dilepton)
W+bb
W+ce
Mistags
N Z+jets
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