Top Quark Mass and Cross Section
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% The Tevatron

e Collides pp at 1.96 TeV

— Still world's highest energies!

- a's

1.96 TeV

Booster

— Two multipurpose detectors, A
CDF and DO ?*.. oy -

source =
p s Main Injector

« Beam luminosity has been = &Recycler
steadily improving -

- Total Of ~4 fb-1 haS been Collider Run Il Integrated Luminosity

delivered to each detector 7
- "Z EE l L 4000.00 _
* About 80% data g A%
acquisition efficiency M L) A 1
 Recent analyses use | 4y Wl o 2
- E , il 1500.00 8
about 2 fb™ 5 i
; 10.00 ’ e
- Recently accumulated more N .
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w The Detectors h

* Both detectors have a similar
design

- Geared to study and
search for all kinds of
different phenomena

- Tracking inside of
calorimetry inside of
muon systems

Muon
Systems

Calorimetry
- CDF has very good rracking &
central tracking

o Specialties

- DO has very good muon
coverage



D& The Top Quark

« Have produced thousands of tt events
at the Tevatron

- Are they all Standard Model top?

- Measure cross section: check for
consistency & SM deviations

LEP1/SLD: darker region

 The top quark mass can teach us
about the Higgs

Heinemeyer, Hollik, Stockinger, Weber, Weiglein ‘06
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- The top quark and the Higgs both Miop (GeV)
couple to the W boson 1-Sigma Constraint on
Higgs mass (2006)

- Top mass and W mass determine

SM Higgs mass i 2
* Measure to constrain Higgs iy it bns

mass ~

« Test of standard model Higgs and top quark

couplings to W boson



t_f Production

The top ~always decays to Wb

- W can decay leptonically or
hadronically

— Usually focus on electron or
muon lepton decays

e Signature:

- Dilepton Channel: two leptons, two neutrinos, two b-quarks (5 %)

- Lepton+Jets Channel: one lepton, one neutrino, four quarks (two
b's) (29 %)

- All Hadronic Channel: six quarks (two b's) (44 %)

- Look for the appropriate particles to find ttbar events



Identifying tt

Run 168562
Event 35910€

Jet: 41 GeV

X

~Electron : 61

Jet: 38 GeV -

Muon : 36 GeV

Jet: 67 Ge

o

Muon : 4 GeV | .
—w— Jet: 4] GeV

e |n practice we might see something like this

- Isittt?



X5 b-ldentification (Tagging)

 |dentify b's to understand events

 Many possible approaches iy
- Displaced vertices (use long i . £
lifetime of b's) (favored by CDF) ! a4
Frimary™._ - Secondary
— Neural Network (favored by DO)  Vertex N Tg f Ve
« Uses displaced vertex and NN
other track and jet information S OTx
- Look for “soft” leptons Can identify b's from displaced

: secondary vertex
» Electrons or muons often in b- Y

decay chain

* Less efficient, but
complementary information



D& Identifying tt

 This event can be b-tagged by eye (soft muon tagging)

- So this is probably an electron+jets tt event

Run 168562
Event 35910€

Jet: 41 GeV

-

~Electron : 61

Jet: 67 Ge

- Jet:41 GeV



w Cross Section/Mass Connection

e Measure cross section from excess

of events in data 914 theory ,
13 e
- Normalize by efficiency, S12 ‘22555 world average top quark mass
acceptance, luminosity § 11 5
S 9
« A more massive top quark is harder = 8F X
to produce 7-
. 6c
- Expect cross section of ~6.7 pb D TRTRTNTNE - T
for top mass of 175 GeV/c? 150155 160 165 170175 180 18

top quark mass (GeV)

C , DO With world average top mass
« Can indirectly determine mass from  (172.6 GeVv/c?)

a cross section measurement or = 7.62 £ 0.85 pb

- And vice ver
d vice versa DO Measured vs theoretical cross sections:

- DO results with 0.9 fb™ of data Mr=170L£7 GeV/c2




w Cross Section in Dilepton Channel

* Dileptons channel statistically limited so
can loosen cuts

— Loosen cuts on one lepton: “lepton
plus track analysis”

- Can choose not to b-tag

« Have to contend with Drell Yan and
W+fake lepton backgrounds

- For no b-tag with lepton+tracks cuts
signal fraction ~60-70%

- With b-tagging and dilepton cuts
background fraction can drop to
~10% with loss of half of statistics

CDF lepton+tracks results (1.1 fb™)
o = 8.3 £1.3(stat) £ 0.7(syst) £ 0.5(lumsz) pb

DO lepton+tracks and dilepton combination (1.0 fb™)
o = 6.2 £0.9(stat)"):? (syst) & 0.4(lumi) pb

Events P

redicted vs. Number of Jets

CDF Il Preliminary 1.1 fb i
— Diboson

== + Drell-Yan
B= + fakes

— +1f (6= 6.7 pb)
1o uncertainty

—e— Data

!

e Pk S
TSI TS SIS IISIT S,

CDF

0 1 >2 N

Jjet

Lepton + Track Results

Y
o

20

o]
5

T ® Data

" [ Diboson
" I Fake

Number of events
8

DQ preliminary, 1.05 fb"

Czwy

DO Dilepton Results

0

0 1 2 3
Number of jets
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w Using Alternate/No b-tagging in LJ Channel *

Using no b-tagging:

- DO0: kinematic likelinood fit using
angles, momentum sums, and event

shapes

» Better systematic, worse
statistical error than for b-tagging

— CDF: neural network based on

similar kinematic variables

Using soft lepton tagging

- Electrons or muons inside of jet

- Veto if consistent with dilepton decay
from Z, J/Psi, or double semileptonic

decay

DO Run 110.9 fb™
»n 80 = —e— data (>4 jets)
c _
o tt signal
o I bkg with leptons
‘o I bkg w/o leptons
S
|
g |l el 'T"l'
§ WRESET
> _'f'—? [ [ I .l
|

0.5 1
Likelihood Discriminant

DO Likelihood Discriminant (0.9 fb™)

o = 6.6 £ 0.8(stat) £ 0.4(syst) = 0.4(lumi) pb
DO Likelihood+b-tag Combination (0.9 fb™)
o = 7.4 +0.5(stat) = 0.5(syst) £ 0.5(lumsi) pb

CDF Neural Network (no b-tagging) (0.8 fb™)
o = 6.0 £0.6(stat) £ 0.9(syst) pb

CDF Soft muon tagging (2.0 fb™)

o = 8.7+ 1.1(stat) T02(syst) + 0.6(lumi) pb
CDF Soft electron tagging (2.0 fb™)

o = 7.8 +2.4(stat) = 1.5(syst) = 0.5(lumi) pb

11



w Tauonic Cross Sections

« Can also study tauonically decay channels
- Much larger backgrounds
— Cross section excess: possibly a sign of charged Higgs decays
- Consider all hadronically decaying tau types
- Analyses with 1.0 and 1.2 fb™' performed and combined

+ . -1 ]
DO Lepton+Tau Channel: (2.2 fb™) . Taus separated from jets and
or = 1377157 (stat) +715; (syst) £0.45(lumi) pb  electrons with neural networks

i 20_DﬁFlun Il Preliminary L=1fb" depending on ...
E 18F- g{‘?"\,ﬁm‘s‘ .
3 et DDz wworer - Shower shape, cluster energies,
5 10 == 1 eplon s e track-calorimeter agreement
g 122_ ti:“ltepton non-k
% 10

6 DO Tau plus Jet channel: (0.4 fb™")

o = 5.173(stat) £+ 0.7(syst) £ 0.3(lumi) pb

20 60 80 100 120 140 160
Tau E; (GeV), > 1 tags, > 2 jets 12



w All Hadronic Cross Section *

| CDF Run |l Preliminary |

* Have to contend with enormous e0co . Observed tags (L02 )
QCD background ooe [~ Backgromnd
6000 B (o =8.3pb,m=175 GeVic?)

- B-tagging essential 5000

4000

3000

2000

* Also use Neural Network event
selection to reduce background ol

0.2 04 0.6 08 1
NN output

- sum ET, event shape CDF Neural Network Output

information, parton angles
CDF Results, 1.0 fb™

- Measure angles based on o=83=%1. 0(stat)+2 O(Sjgst) + 0.5(lumi) pb

center of mass frame of all
jets DO Results, lifetime b-tagging, 0.4 fb™

- Extract backgrounds based ¢ = 4.517 (stat) }'{" (syst) £ 0.3(lumi) pb
on b-tag and mistag rate
parameterization from 4-jet

control region "



Cross Section Summary

 Both collaborations find results
consistent with standard Model

expectations

DO Run Il preliminary*

March 2008

CDF Run Il preliminary’

April 2008

I+jets (b-tagged and topological, PRL)
910 pb™
I+jets (from B{t—Wb)/B(t—Wq), PRL)
910 pb™
dilepton (topological)*
1050 pb™
I+track (b-tagged)*
1050 pb
tau+lepton (b-tagged)*
1050 pb
tautjets (b-tagged)*
350 pb
alljets (b-tagged, PRD)
410 pb™

Mgy = 175 GeV

7.42 +0.53 +0.46 +0.45 pb

8.18 0% 1050 pb

+1.2 +0.9

-1.1 -0.8

6.8 04 pb
1.6 +0.9 .
T pb
105 pb

517" .0:pb

3.5 -0.7

+2.0 +1.4

+0.3
1.9 -1.1 pb

(stat) (syst) (lumi)

4.5

I Cacciari et all, JHEP 0404, 068 {2004)

ogt, PRD 68, 114014 (2003)
L | | —— ‘ | - — |

" [ Cacciari et al. JHEP 0404:068 {2004)
Kidonakis, Vogt PRD 68 114014 (2003)

Assume m=175 GeVic®

‘Lepton+T K, 7/
epton+irac
RoN070 0 ) % 8.3+1.3£0.740.5
®
‘Lepton+Track:, Vertex ta /
070 pb Yy o 29 % 10.1:1.8+1.10.6
‘Dilepton: Vertex tag % o
(L2100 pb ) / 9.0+1.1+0.7+0.5
‘Dilept
122100 pb’) 6.8+1.0+0.5+0.4

Lept0n+Jets ;(lnematlc AN
(L=760pb )

\i\{\\ﬁk

Lept0n+Jets Yertex Tag
(L=1120 pb )

K

6.0+0.6+:0.9+0.3

Lepton+Jets Sofl Electron T
(L=2000 pb )

‘Lepton+Jets: Sofl Muon Tag
(L=2000 pb )

“MET+Jets: Vertex Tag
(L=311pb )

7.842.4+1.5+0.5

8.7+1.1:0.9+0.5

6.11.2408+0.4

All-hadronic: Vertex Tag
(L=1020 pb )

Comblned(old18LT all-had)
(L=760pb )

&\\\7\\\\\\\

8.3+1.0 22+0.5

7.340.5+0.620.4

(stat)x(syst)x(lumi)

8.240.5+0.8+0.5

6 8 10 12

6 (pp — tt) [pb]

|
0 2 4 6 8

10 12 14

o(pp — tt) (pb)
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* Event reconstruction challenges:

- Which partons came from which top
and which W?

» Jet reconstruction challenges:

— Are you reconstructing the
complicated data in your calorimeter
towers correctly?

- Does your Monte Carlo reconstruct
jets consistently?

- Left with the Jet Energy Scale (JES)
uncertainty of ~3-4 GeV on top
mass

« Largest uncertainty on world
average top mass

Uncertainties on JES

w Determining the Mass

o
o
>

Which jets belong to
which invariant mass?

— Quadratic sum of all contributions
=== Abpolute 8t energy acale
it COut-of-Cone + Splash-out

Ralative - 0.2<ml<0.6

Undarhying Event

50 100 150 200 250 300 350 400 450 500

Calibrated JES P (GeVic)
Uncertainties 15




w Controlling the JES Uncertainty

* Option 1: Perform “in-situ” JES
calibration

- Require the W mass to reconstruct
correctly

— Assume all other jets have same Jet
Energy scale uncertainty

- Do simultaneous fit to top mass and
JES

* Uncertainty becomes statistical

» Residual systematics remain (~0.8 GeV)

- JES for b-jets vs light flavor jets
- JES variation based on jet properties

50_12 o tt m* templates, 1 tag events (Mtop = 175.0)
n L
3t B Es--30
c 01
L%’ + JES =-1.0
5 JES =+1.0
o8- JES = +3.0
g i —_— P(miec | Mtop,JES)
“0.061-

0.04_—

0.02;

0

100 150 200 250 300
m (GeV)

M. Dependence on JES

D@ Run lIb Preliminary, L=1.2 fb™

»n 11
W [ lepton+jets, calibrated
1.08_—
1.06_*
1.04
1.02_*
i N AlnL=20 |
1 ~__

098_'"“1'"""""""""""
- 166 168 170 172 174 176 178 180
M,,, (GeV)

Example of a Simultaneous Fit4



e Option 2: directly measure top mass
using quantities unrelated to jet energy

Decay length of b-tagged jets
Transverse momentum of leptons

These measurements should have
minimal correlation to other mass
analyses

Statistical limitations will be no
problem at the LHC

« Systematic uncertainties should
also improve with statistics

 Only JES dependence is through jet
energy event selection cuts

Methods could easily be applied to
dilepton channel

Controlling the JES Uncertainty

CDF Run Il Preliminary (1.9 Ib'1)

[ ttbar.c = 8.2 pb
[ ] Other

I Single Top
I W+jst

Il QCD

—e— data

KS Prob 0.986

0 S0 100 150 200 250 300
LepPt [GeV / c]

CDF Lepton Transverse Momentum Results

Results with 1.9 fb™
in Lepton+Jets Channel:

CDF Decay Length

Mr = 176.773%0(stat) & 3.4(syst) GeV/c?
CDF Lepton Transverse Momentum

My = 173.575 3 (stat) + 4.2(syst) GeV/c?
Combined

My = 175.3 & 6.2(stat) £ 3.0(syst) GeV/c?

17




D> Template Based m_

e Template Method

- Make probability distribution functions (templates) for signal and
backgrounds

 Fit data, integrating over all allowed jet and lepton
combinations

Signal chisquare for CDF Lepton+Jets analysis

Measurement Constraints Unclustered Energy
A Constraints
- . ‘ fi _ . A
) . (p;’ﬂht . p;,ﬂmeagy . (D;"zt . L.‘;_rnc%as)z
X - i=f,4jets (‘]'2 + j=z. (]'2
v g
(ﬂfjrjj - ﬂfjrw)z (fvfgy - ﬂfw))’ n (ﬂfjrhjj - T”%“ECO)‘). n (ﬂf{hfu - T”%‘E{:O)Q

T'%, s, s Iy

N\ N

m_ Constraints

m,, Constraints 18



w CDF Template Method Results

In-situ JES calibrations performed

All-hadronic channel; CDF uses same neural network as for cross section
measurement

- Parameterize templates with Gaussian+Lorentzian fits

CDF Combined Dilepton
and L+J Results (1.9 fb™) CDF All Hadronic Results (1.9 fb™)

Mg =171.9 4+ 1.7(stat + JES) + 1.0(syst)GeV/c? Mrp = 177.0 £ 3.7(stat + JES) + 1.6(syst) GeV/c*

?‘14 [ tt m® templates, 1 tag events (JES = 0.0)
- I AL I L L r
3& 5 —alog)=05 ] w012~ B Mtop- 160
& —algj=20 ] E - l I Mtop= 170
; — —4 . w R \
051 SRR 5 O K Mtop = 180
- 6§ [ Mtop = 190
- g0.08[ y/ — P(m™ | Mtop,JES)
o ] o / t
. 006/ -
05 _‘ - |
N ; ] 0.04(—
: |CID Flnl;ln |" Prellirll-liqary (1 'glfh' 1} 1 1 1 I Il L Il I L 1 L | : 0 : 1 1 ,{ 1 | 1 1 Il ‘ 1 b ..-T.r-- 1 I & L
166 168 170 172 174 176 17 100 150 200 250 200
Mtﬂp (GB\HCE? rn'ree (GEV}
CDF Combined Dilepton L+J CDF All Hadronic Mass

Likelihood Results Templates

19



- Integrate over unknown
pseudorapidities of neutrinos

- Weight solutions by agreement
with Missing ET

 Template Method (Matrix Weighting):

- Weight solutions by consistency
with lepton energies and PDF

« Evaluate mass event by event

- DO0O: Smear momenta within
detector resolution

D0 Matrix and Neutrino Weighting
Combined (1.0 fb™)
Mt = 173.7 £ 5.4(stat) £ 3.4(syst) GeV

CDF Neutrino Weighting (1.9 fb™)
Mz = 171.6735(stat) & 3.8(syst) GeV/c?

Template Method (Neutrino Weighting)

Dilepton Template Mass

Events

141~ 4 signal m =175 GeV

Tagged 2d DIL Signal probability (M-F =170 GeV/c?)

10 120 140 160 180 200 220 240
GeWc)

CDF Dilepton Neu rno
Weighting

- [l background
- +data

‘ DO Runll Preliminary

?00 120 140 160 180 200 220 240

My GeV

DO Matrix Weighting Results

20



w Matrix Element m_

o Attempt to extract more information from each event

- Find mass likelihood event by event based on signal probability
from theoretical Matrix Element calculation and background
probability

- Integrate over all unknowns with probabilistic weighting
- Example: DO Lepton plus jets measurement

Signal Probability Proportional to ...
Transfer Functions: Probability

b-tagging probability Parton Distribution of observing momenta x given
\ Functions real momenta y and JES

\\ ’ /
|2

\‘ (2m)* [M(q7 — tt — )
T J — —
Su [ Y dadgaria)f(@ oW (z,y; JES)

perm q1.92.U flavors

Sum over jet and flavor Matrix Element from theory

combinations )1



« Evaluate total mass probability

Matrix Element m_

D@ Run lIb Preliminary, L=1.2 fb™

n 1.1
. . . . — [ lepton+jets, calibrated
simultaneously with JES and signal fraction voel
- In-situ JES calibration performed where 1,06
possible col
- Expression for background probability 102~
uses different Matrix Element (no mass b ATRL=20
dependence) ; YTt
Puvt (23 mMuop, JES, frop) = frop  Prig (23 Mop, JES) + (1 = frop) - Poxg (23 JES) 036 jeg o8 170 172 174 '17'6'M" '17'&';'\';;;0
op e

CDF Run Il Preliminary (1.9 ib'1)

Events/6.8 GeV/c?
8
[

100 150 200

= Data
I Signal, M=165 GeV/c®

<|> [ Background

x2mDof =

250

KS Prob = 0.854

24.9/26

302
M, (GeV/c’)

CDF All Hadronic Results

DO Lepton+Jet Results

CDF Dilepton (1.9 fb™)
Mr = 171.2 & 2.7(stat) & 2.9(syst) GeV/c?

DO Lepton+Jets (2.1 fb™)

My = 172.2 + 1.1(stat) + 1.6(syst)GeV/c?
CDF Lepton+Jets (1.9 fb™)

Mz = 171.4 + 1.5(stat + JES) + 1.0(syst)GeV/c?
CDF All Hadronic (1.9 fb™)

M7 = 165.2 + 4.4(stat + JES) £ 1.9(syst) GeV/c?
22



Mass Combinations

DQ * = included in combination Summer 2007
Run | Dileptons * f———@&—i 168.4 123 :36 GeV
Run | Leptontjets * H-@—H 180.1 136 £3.9 GeV
Run | Alljets H L 178.5 #13.7 £7.7 GeV
Run Il Dileptons * H—&—H 173.7 5.4 134 GeV
Run Il Leptontjets * H@H 170.5 18 120 GeV
D@ combination (august2007) HOH 1721 15 +1.9 GeV
World average (march 2007) HeH 170.9 #1.1 #15 GeV
M R R P
140 160 180 200

Top Quark Mass [GeV]

D0 Mass Combination

DQ Run " *=preliminary

lepton+jets H@®H
leptontjets —e—
dileptons H—&—H
World average (march 2008) HoH

[ P P |

172.2 GeV
170 GeV
173.7 GeV

172.6 +0.8 +1.1 GeV

CDF (*Preliminary)
_ ®

Run 1 Dilepton 167.4 £10.3 + 4.
Run 1 Lepton+Jets

in 1 Lepto 176: +51+5.3
R L roronie 186.0 +10.0 + 5.7
Dilepton ev_:Weighting 171.6 + 34 4 3.8

(L=1900 pb™) 32 — Tt
Dilepton ME

lepton ME, 171.2+2.7+29

——

All Hadronic Template
(L=1300 pb’')

177.0£3.7+1.6
A e 165.2+4.4+1.9

Lepton Plus Jets Track Based
epton Plus Jets Track Base
T 1900 pb 175.3+6.2+ 3.0

Lepton Plus Jets Template
000 Pt P 1718+1.9+1.0

-9
L ets ME R 1714+15+1.0
CDF Combination + +
oprrntay | 1729412+ 1.9

160 170 180
Top Quark Mass [GeV]

DO Results since Combination

150 160 170 180 190 200
Top Quark Mass {GeWcz)

CDF Mass Results



DO+CDF Combination

 Using Best Linear Unbiased Estimator technique

- Correlations estimated between 12 types of uncertainties

Mp =172.6 =

0.8(stat) £ 1.1(syst) GeV/c?

» Electroweak fits: SM Higgs mass now < 160 GeV/c? at 95% confidence level!

- With LEP lower limit of M >114 GeV/c?: upper limit rises to 190 GeV/c?

Best Independent Measurements

of the Mass of the Top Quark (=preliminary)
CDF-l dilepton e 167.4 £11.4
D@-1 dilepton O 168.4 +12.8
CDF-Il dilepton* —0— 1712+ 3.9
D@-Il dilepton* —-:.— 1737 6.4
CDF-l lepton+jets —0— 1761+ 7.3
D@-l leptontjets E —— 180.1 = 5.3
CDF-Il lepton+jets* : 1727 + 2.1
D@-Il lepton+jets* :r 1722+ 1.9
CDF-l alljets | |[——@——— 186.0£11.5
CDF-Il alljets* —Q— 177.0 £ 4.1
|
:
X% dof=6.9/11
i
Tevatron Run-l/II* .‘ 172.6 £ 1.4
. L
150 170 190 March 2008

Top Quark Mass [GeV]

M,, [GeV]

80.70

80.60

T I T T T T | T T T T
| experimental errors 68% CL:

LEP2/Tevatron (today)

80.50

80.40

80.30 |

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '08 7
I BRI B N

I I170I 175‘
m, [GeV]

180

185

6 March 2008 m ., = 180 GeV
i i5)
5 d Ay = Il
% i —0.027580.00035
1 % 4 e D.02748£0.00012
4 i wea 0ol low Q° data =
3 £ =}
2 -} =Xl
1 - i
0 Excluded w . Preliminary
30 100 300

m,, [GeV]



w Future Improvements

e Cross section results will continue to

improve with ISt )
prove with statistics I CDF Top Mass Uncertainty
— All channels stand to benefit ol (all channels combined)
o : 1fb? 2fb" 4fb™ 8fb’
> 2 2N 2
 Mass results are now more & *
systematically limited 3
:§ ¥ CDFResults o= AM/M < 1%
- But even without systematic = 4
. . <1 [ *  RunllaLJ goal (TDR 1996)
improvements will have better than i
1% precision at both experiments - Scaleastan /\L, Fix Alsys)
(assumes no improvements)
~ Work on improving systematics still i I
) - (improvements required)
Ongolng II| 1 | IIIIII| | 1 IIIIII|
10° 10° 10*

« Have a good track record of Integrated Luminosity (pb)

success: already far ahead of
where we projected we would
be at this luminosity!

Past Expectations and Future M_
Projections at CDF
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w Summary and Outlook

« Cross section results are precise in some channels

But others could still be hiding non tt physics
Can push these uncertainties down with higher statistics

 Top mass known to high precision, but work remains

Understanding the Higgs will take further improvements

With higher statistics can greatly reduce the jet energy scale
uncertainty in all channels

« Using in-situ calibration and alternate variables
QCD radiation uncertainties will play a larger role

New, subtle uncertainties will have to be understood

Are we really measuring the pole mass?

26
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