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Motivations for Studying Top

= Only known fermion with a mass at the natural
electroweak scale.

= Similar mass to tungsten atomic # 74
35 times heavier than b quark.

—Why is Top so heavy?
—TIs top involved in EWSB?

v(Does (2 V 2 6F)1/2 = M,,, mean anything?)
—Special role in precision electroweak physics?
—TIs top, or the third generation, special?

= New physics BSM may appear in production (e.g.
topcolor) or in decay (e.g. Charged Higgs).
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A Brief History of Top

= Top quark was expected in the
Standard Model (SM) of
electroweak interactions as a
partner of b-quark in SU(2)
doublet of weak isospin for the
third family of quarks

(weak isospin of b can be inferred
from the forward-backward
asymmetry in e*e- - bb) 1

= Anomaly free SM requires the sum Gen
of the family charges to be zero:
given the b (and the tau lepton)
there should be a 2/3 charge quark

rd
ot 2r|t:| | 3
eration

‘ -+ 1977-1994: increasing lower top mass limits
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A Brief HlsTory of Top

First top evidence in 1994 in CDF
data, 19 pb!, 15 events on a
background of 6,

— 2.8 ¢ excess, not enough to claim
discovery

Confirmed in 1995 by CDF and DO inf & j ,'- e
first ~70 pb! of run1data (4.8 ¢ ). B e
Final Tevatron Run 1 top analyses
based on ~110 pb-.
— Production G in many channels. =S
= Mass: 178.0 £ 4.3 GeV (CDF/DQ) g _
— Study of several aspects of =k
event kinematics.

— Limits on single top production,
rare/non-SM decays.

Overall consistency with the SM
But only ~100 analyzable top events

— analyses statistics-limited.
Slide &
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A more cultural perspective of Top..
~LHC?

=Top analyses as playground to
learn how to optimize the cuts to
reduce the bckgnd contamination,

W f,*’

optimize the simulation, and
realize that you'll have to use real
data in order to study all the
instrumental effects

1072

Number of physicists
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ED o . Year discovered

10 d .

“. [ About 5 orders of magnitude
0 range in quark masses!
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Production and Decay Basics

At the Tevatron top quarks SM predicts: BR( 7 — Wb) = 100%

are mainly pair produced via b
strong interaction:

> Event

topology
determined
857% by the
decay
1 modes of
the 2 W's
> (W*W-)in
15% Otheory = 7 Pb b \ final state
J
NB: qq, gg fractions b-jet: identify via
reversed at LHC secondary vertex
or soft lepton tag
Slide 7
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L

Top Quark ProducTion at Teva’rron

= QCD pair production 9 Q0 o
= Opo = 6.7 pb 85% ~15%
(for my,,= 175 GeV)
= First observed at
Tevatron in 1994

e EWK single-top production 9 s-channel ! qt-channel

> s-channel: 6 ;= 0.9 pb

> t-channel: 6 ;= 2.0 pb
(Both for my,,= 175 GeV)

> First evidence in Dec. 2006

= ¢ smaller than top pair produc’ruon bu’r - allows direct
access to Vb CKM matrix element: cross section o |V1ib]

= Single top identification is challenging = huge background
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Top Decay : add. Motivation for Studying Top

= In the SM, assuming V-A coupling with a CKM matrix parameter
|Vig| = 1 for the t— bW decay vertex, one gets (LO):

F(t — bW ) ~ 175 MeV (MT/Mw)Z (MT'MW > Mb)
= I(t—>bW)=156eV = T(top)=4 x102°s

= Non-perturbative QCD hadronization takes place in a tfime of order:
Aoep ~ (100 MeV)! ~ 1023 s

= top decays before hadronizing, as free quark (no top
hadrons, no toponium spectroscopy)

= the top quark provides the first opportunity to study the
decay characteristics of a "bare” quark.
= t— WSs, t > Wd allowed but suppressed by factors of
~10-3 and ~ 5 x 1073 respectively

Roma Tor Veraata. Novembre 2007 Slide 9 Gioraio Chiarelli



t-tbar Final States
= Dilepton (ee, py, ey)

—=BR = 5%

— 2 high-P; leptons + 2 b-jets + large missing-E Most favorable
= Lepton (e or p) + jets channels for top

—BR = 30% RS

—single lepton + 4 jets (2 from b's) + missing-E
= All-hadronic

o (1/81)
= BR = 44% '—*J ets b ]
= Ssix jets, no missing-E B atar (1/80)
" Thad +X We-mu (2/81) |
—BR =21% De-tau (2/81)
B mu-tau (2/81)
More challenging Me:jets (12/81)
backgrounds, but B mu+jets (12/81
measurements H tau+jets (12/81)

still possible Dllep’ron Bjets (36/81)
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More details on Jets

A jet is a complicated object:

*measured by calorimeter towers
=defined by a clustering algorithm

“calorimeter jet”

=Doing analysis with jets requires the
energy of the measured jet to be
converted to the energy of the
parent parton or particle jet.

auil|

cone

partic *From measured jet energies to
parton energies we need to correct
for:

p *Instrumental effects

"Physics effects

»Jet Algorithm effects

“parton jet” “particle jet”

ol
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"Physics at a hadron collider...

|ll

High p; lepton
High E; jet, photon
High Missing E; (MET)

..Is all about the trigger
N—

Examine each pp collision

Select few interesting events (<70 Hz)

Store for further offline analysis Keep 1 out of 25,000

Process Cross-section |Event Rate

Inelastic pp 60 mb |6 MHz

pp—bb (b p;>6 GeV, In|<1) 10 pb |1 kHz

pp—WX—tvX 5nb|0.4 Hz

Pp—ZX—tX 0.5nb |0.04 Hz

pp—tt—WWbb—tvbbX 2 pb | 0.0002 Hz

pp—WH—tvbb (if M, =1206eV) 15 fb | 0.0000015 Hz

Assume L =100x102%° cm2s-1, £=electron or muon
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Comparison of Cross Sections

. In 1 fb-l Of daTal g 1 Total inelastic e
~ 1.4 x 10 total 210’ Lo
. . . '4% -mb
collisions, one in every .
1010 producing a ttbar S |,
event (c.f. one every o w 65 10°
2.5 x 10% producing a o™ 7 6 x 10°
W ZVZHT) tt 14,000
1012-_;)[;)\
g1 | 1000 ~ 100
Higgs (ZH + WH) 100 ~ 10
10’16_fb
100 120 140 160 180 200
Note: LHC will be a top factory, Higgs mass (GeV)/c?

producing ~ 2800 ttbar events || 5 Tevatron @ NLO: 6.7 + 1.2 pb
evatro oot =

per hour at low luminosity (1033)
O c @ NLO: ~830 + 100 pb
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Method to identify a top signal

Start from “counting events” passing cuts in all decay
channels

—Optimization of signal region with respect to SM
background processes (control region)

Background dominates the production of ttbar pairs by
several orders of magnitude

How to separate signal from background:

—Top events have very distinctive signatures
v'Decay products (leptons, neut., jets) have large p's
v'Event topology: central and spherical

v'Heavy flavor content: always 2 b jets in the final
statel
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Why Measure the ttbar Cross Section?

= Basic engineering number, absolute measurement (— very
difficult!) , prior step to any top property study.

= Requires detailed understanding of backgrounds and
selection efficiencies.

= Test of SM

—=Departures from QCD prediction could indicate
nonstandard production mechanisms, i.e. production

through decays of SUSY states.

N obs N back
ngijm

o(it) =
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Dilepton Channel

Relatively clean:

=Top and a small amount of SM bkgds

=Down side is small event samples

Signature:

Two high p; Isolated leptons
opposife sign

Veto Z, cosmic, conversion
ADP(E,1/j)>20¢°, or yT>5O GeV
E’T >25

Two jets with E;>10 GeV

Total E;> 200 GeV (H; = Scalar
summeJ E; of jets, leptons, and

7 )

4

® & ¢ o o

Expect: S/B~9

Dominant backgrounds:
Drell-Yan, W+jets ("fakes")

Slide 16
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o _Dilepton Channel: ee, e, pp (12 fb™)
)

L L L B B B B B L e O L . . .
80 ] CDF Run Il preliminary (1.2 fb™) ] Jet MUH’IPIICITY
[ —e Data ]
70 .
: [ Jti(c=67pb)
60 [ |:|Diboson 1
[ |:| DY ] 220: CDF Run Il preliminary (1.2 fb1)
I | 200:— —e— Data
50 - Fakes ] C SEER PRgd * 1o unoertainty
i 1 s [ Itfio=67p)

|:| WWAWZ

40:

Events

30

20|

10|

ol
0 20 40 60 80 100120140160 180 200

Lepton Transverse Energy (GeV)
0 jet 1jet =2jet  HT3g00 + OS

77 events on 25.6 + 5.5 background

16 ee, 26 uu, 35 ep ttbar

signal bin
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Dilepton Kinematics

: : H,:Scalar summed E of jefts,
RunI: had seen hints of discrepancy leptons, and missing E
In kinemGTiC diSTf’ibUTionS os | CDF Run Il preliminary (1.2 6™ |

[t cc=856.7po

20 B |:| Diboson

[ o
[ - Fakes
15 |

2}
-------------------------------- 5
- - -1
- CDF Run Il preliminary (1.2 fb } =
25 | ] Ll i
| —a— Data ! 10|
[ Jtitc=67pb i
20 7 |:| Diboson 7 5 [
' [Jov : :
- Fakes i [
n [ ] o
= 15 | . o 100 200 300 400 500 G500
g HT (GeV)
Ll
10 | .
- Invariant mass
B 35 F T T T T T T T T T —
5 - CDF Run Il preliminary (1.2 fb™ )
B =0 B —— Data N
[ [ (s = 5.7 b3
L o5 i I:I Diboson ]
0 i e
0O 20 40 60 80 100120140 160 180 200 . >0 - B Fakes B
= [
MET (GeV) =2

Data follow SM expected
distribution of top + bkgd ol

S||de18 0O =20 40 60 SO0 100 120 140 160 180 200
Roma Tor Veraata, Novembre 2007 Dilepton Invariant Mass (GeV)
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Dilepton background overview
— =

Instrumental backgrounds
«Drell-Yan (ee, puu)
False ﬁ’T from mismeasured leptons, jets
=Fake leptons
W+jets with jet misidentified as lepton
=Use data whenever possible
" «Physics backgrounds
«Diboson (WW/WZ/ZZ) and Z - 1t
=Real leptons, }Z/T jets
=Evaluate using MC

Determine bkgd in Oj, 1j bins to give confidence in
signal bin prediction
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Dilepton: DY (ee, pp) background

| Z see,193pb” |

Large cross section but no intrinsic =~ .-

ey : |
False &, P> 25
= Detector coverage isn't 41 : .
= Reconstruction isn't perfect i
Tails of Z; resolution critical o
Simulation doesn't accurately model T TEEE L
this PE— |
Extra cuts in "Z window" E
Estimate residual contamination: E.>25
= Use loose Z data to normalize
(subtract expected non-Z's) —
= Use MC to distribute inside - :
outside Z window, across jet bins e e
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Dilepton: Fake lepton bacquounds

|_resutt - apply j50 to 20 numij20
= Determine lepton fake rate from % -
jets in jb0 sample S of i Jet20 [T
= Cross-check fake rates in other é o g
samples with jets g W
= Apply fake rates to jets in W+jets %’ iill :
data sample S E i
O AT I Ty | 11T ST Y PO
C,) 0 1020 30 40 50 60 7O 80 90 100
Q
o
W

DIL |Obsv| Pred

I result - apply 50 to [FO I num1j70

51 49 +/- 6 S

75 65 +/- 9 of bl L
B = -

69 114 +/- 31 L il

E;of observed (predicted) T Jet70
fake tracks in green (black) |

0 10 20 30 40 50 60 70 80 90100
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Dilepton:Z -> tt, diboson bkgds

= Tn both cases:
—Real missing energy

—Jets from decays or
initial/final state
radiation

= Estimates derived using
PYTHIA, ALPGEN+HERWIG
MC, normalized to
theoretical xsecs

= Correct for underestimation
of extra jets in MC
= Determine jet bin reweighting

factors for Z = 1t from
Z~>ee, uu data

= Reweight WW similarly

| PYTHIAZ >t +2) |

=]
[=]

[ L (=2
(=] (=] (=]
TV I rrrrrd

Ad (B ncgare_at | o jet){deg).
T I|°I I

60 80 100 120 140
Missing Transverse Energy (GeV)

Roma Tor Veraata. Novembre 2007 Slide 22 Gioraio Chiarelli



Dilepton: 1t accep’r?mce and efficiencies

DIL - sample composition AccepTance:

" 22% = Determine from PYTHIA MC
(m,=175 GeV)

= Apply trigger efficiencies, lepton
ID MC correction factors,
luminosity weights for different
detector categories

et

mr

539 25%

Lepton efficiencies:
» Determined in Z -> € £ using second leg of Z's

= Get efficiency for data and MC, estimate difference
and derive scale factor ( 90%, 79%, 83% for ee, uu,

ey respectively)
Final acceptance x eff = 0.732 %
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Dilepton:Signal acceptance systematics

Must take into account many effects potentially
contributing to the acceptance uncertainty:

Systematic DIL(%)
Lepton Identification 4
-variation of data/MC SF with isolation

Jet Energy Scale, conversion, Njets in MC 32
(correlated data-mc systematics

Initial-state radiation 17
- ISR: difference from no-ISR sample

Final-state radiation 11
- FSR: parton-matching method, different PYTHIA tune

Monte Carlo Generators 15
- compare acceptance of PYTHIA to HERWIG

Parton Distribution Functions (PDF's) 08
- default CTEQB5L vs MRST PDF's, different o, samples

A=A o —au)
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Dilepton: Systematic Uncertainty on Background
Estimate

Systematic DIL(%)

Lepton efficiency - same as signal 4

Jet Energy Scale - same procedure on bkgnd acc. | H-25H

WW, WZ, ZZ estimate 6-10
- Compare WW+0p+(njet scaling) to WW+2p

Drell-Yan Estimate 472

- Absolute scale (data driven), Monte Carlo shape

Fake Estimate 30-50

- J20, J50, J70, J100 x-check

Slide 25
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Dilepton: Cross section results

N obs N back
ngijm

o(it) =

1203 pb-!

o(tt) = 6.16 + 1.05 (stat) + 0.72 (syst) + 0.37 (lumi) pb

SM: 6 = 6.7 pb (m, = 175 GeV/c?)
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Dilepton event display

= +2 electrons (Er=73 eV, Pr,=63 GeV)
* Missing E+ = 59 GeV
- 2 central jets + 1 forward jet

SeV
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e-u event

MET: 91 GeV, ¢©=2.8 CDF Run Il Preliminary (360 pb™)
Jet 2: u |tl (= CMX muon):
E,=37GeV, | pr = 102 GeV,
tagged | |¢=0.8

1 Jet 1:
| E; =43 GeV,
tagged
e Jet 3:
CEM electron: E; =36 GeV
E.=61GeV, :
¢ = 4.8 l ——
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Smgle leETon channel (Lepton + JZTS)

Signature:
+0One high p+ Isolated lepton

eVeto Z, cosmic, conversion,
dilepton’

oF; > 20 GeV

¢3 or more jets with Ep>15 GeV
Inl <2.0

N

g1

m
- WS et
z,; yS /| RN /

*S/B ~ 1/6 e
jet -
+Improve by requiring b-
tagging
W+1jet| W+2 jets | W+ 3 jets | We=4 jets
Secondary vertex | 78903 | 12873 870 543
sample (~1.2fb1)
Tags 1067 585 185 231




Lepton + jets Channel: Hy cut

= H; is the scalar sum of E; of jets, leptons, and £+
* H+is a powerful discriminator for Top signal

= H;> 200 GeV keep 96% of signal and reject 38% of
background

CDF Run Il Preliminary (695 pb'1)

—e— Data

[ ]ti8.4pb)
- Non-W QCD

|:| Diboson + Single Top

I]gllll

An H; cut increases the

Events / 25 (GeV)
T
—

Ilglllllllllll

[ sy Faor systematics due to Top
- Mistag

mass dependence, Energy
scale and Heavy flavor
fraction, but still small
compared with other syst
(SF, lum)

Lo o
o o
TTTT TTT

]
o
T TTTT

-
L= o
TTT TTT

0 100 200 300 400 500 600

H, (GeV)
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Lepton +jets channel: counting events

Require = 1 jet to be identified as a b-jet
("b-tagged”)
Motivation of using b-tags:

—Reduce the backgrounds, especially W + light flavor jets
events while keeping good efficiency on ttbar signal

—B tag improves S/B from 1/6 >3/1
Count ttbar candidate events

Predict rates for SM non-top processes in

tagged W+jets, excess in =3 jets is top

Use data as much as possible to determine
background contamination (non-W QCD, fake tags)

Use MC when necessary (diboson, W+heavy flavor)
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Tagging Tools: Vertexing and Soft Muons

B hadrons in top signal events:

are long-lived and massive may decay semileptonically

Vertex of displaced tracks Identify low-pt muon from decay

displaced
tracks

Secondary e or [Lin jet

vertex

vertex (dO ,-"’"l;
/ y o b— flvc (BR ~ 20%)
e bh—c—fus (BR ~ 20%)
X

prompt tracks z

60% Top Event Tag Efficiency 15%
0.5% False Tag Rate (QCD jets) ~2%
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Double b-tagged
Lep+Trk event at COF

CDF Il Preliminary
Secondary Vertex
Jet2 63.2 GeV
Jet1 69.7 GeV
L =13 mm
xy L,,=16mm

-
Fl
Fl
¢




Vertex Tagging Algorithm

Take advantage of the long lifetime of B hadrons: t(b) ~ 1 ps

(ct = 450 um) = B hadrons travel Lx ~ 3mm before decay
Select good quality tracks with large'impact parameter.

Try to reconstruct a vertex with > 2 traks
— first pass searches for at least 3 tracks with loose kin and Pt >2 GeV/c

— second pass looks for 2 tracks vertices with tighter cuts on tracks quality
and Pt> 3 GeV/c
A jet containing a vertex ig considered b-tagged if has large (positive)

decay length significance: XY/GLXY >7.5 (typically o, ~ 150 um)

— displaced
Decay Length of B-Jets intt MC tracks
> Secondary
x* CDF 1l vertex
I = ¥ All Sec. Vertices \ Lxg,/’

1600
1400
1200

10040
-

800 = & Positive Tags Primary -~

&600F = vertex dO
- =

400 = - *-I-.-.

200 JFJ,;* ar E*Y - : y
e ® v, T e

o
|
o
o
&
—
-
4|
%)

X
L Xy {C I'I"I] prompt tracks z
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Vertex b-Tagging Efficiency

Use events with back-to-back jets,
non-isolated electron, require away
jet to be tagged (enriched in heavy
flavor)

The efficiency of b-tagging
determined by the ratio of the
number of double tagged to single
tagged events, in data and MC

Define a Scale Factor between data
and MC tagging efficiency (usually

Epata < € me) |SF = 0.95 + 0.0%
= SF < 1 due to # of good vertex tracks
higher in MC
Check in generic jets the E+
dependence of the b-tagging
efficiency

Slide 35
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least one jet in a ttbar
event (L+>=3 jets, including
data-MC scaling):
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Vertex Tagging Background

Most from W+heavy flavor and W+mistags

W+mistags: from generic jet data

In generic jets heavy flavor pairs are produced by both
direct production and gluon splitting. In W+jets by gluon
splitting only.

—The fraction of Wbb, Wcc events is determined from
MC and scaled to the observed number of W events in
each jet multiplicity bin

The (smaller) QCD (non-W) background is evaluated from
data: lepton isolation vs Missing E+ method (standard)
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displaced
tracks

W + mistags background

= "Fake tags" background:

—The fake background is measured from generic jet data
using negative decay-length tags
v Assume that positive mistag rates are well described by negative
(ny <0) tag rates.
v'Probability to have a negative L,, (~ 0.5% per jet)

- it is parametrized as a function of the jet E, jet silicon track
multiplicity, n

- it is used to estimate the mistag rate:
» Negative- non-physical tags = positive mistags
=This probability matrix is then applied fo W+jets events
to obtain the background estimate in our sample
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Non-W "QCD" Background: "Iso vs MET"

The simplest and most discriminating difference between an
“isolated" electron as the one coming from the W decay and a

jet is the Isolation.

WCorr‘ela‘rion between MissinWy
olation for dijet events faking a W->ev candid

—"Isorel vs MET meThod \

Non trivial statement

Isod vs Met

2
; c COF Run 1l Preliminary
o

- JL~72po
2
o @CD Background B
L [ )
=
=)
2]
@

. " W— 8 v Candidates

e .
10 20 30 40 50 €0 ¥FO0O B0 S0 100
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Lepton + jets with = 1 vertex tag:results

CDF Run Il Preliminary {(1.12 fb'1)

¢ [ata
gmm 7 [ EW & Single Top
Al 7 —— _ .
© EL"‘:_EJW'E‘“” MET vs Isolation
%Sm 777777777 [ wicram method: data driven
|':_u -W+Bmtom
© Method IlI:
g 6005 D sl based on MC
= 7/ : ]
3 top signal _
400 R r'egion B
1 =1 SecVerteX = 416 events
A 1 on 74 =21 bkgnd
ﬂ 1 =2 SecVerteX = 165
1 2 3 4 >5 on 16+8
Number of Jeis

Number of jets per event:
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Summary of secondary vertex counting
Require Hy > 200 (250) GeV for 3,> 4 jets bins only,

W+1j |W+2] [W+3]|W+>4]

Single tag sample
Events before [ 78903 | 12873 | 870 | 543
tagging
Observed 1067 585 185 231
positive tags | ! !
Back 854+225 427+100 5314 21+8

Loose double tags sample

Pretag /78903 | 12873 | 1315 639
Double tags - 63 64 101
Back 34+10 12+5 4+3
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Tagged Jets Properties

- q
o -1
CDF Run Il Preliminary (1.121b )| COF Run | Prefiminary {112 ")
b = L i ] T T T T
5 7 S » Dam - E : v Dita
o[ DTDD(B? Py ] a5l -
2 [ EW Single Top | 7 | DERIAS
g?ﬂﬂ |:| W-Light Flavar 7 % : ﬁ DW+Light Awor |
lf_ﬂ - Non-W - ﬂPOO ‘ . Non- .
ol [ w+Charm ] : L‘ [ Wit
: [ W+Bottorn ] il I it
171 1Y O ]
: : ma# L

......................................................................................................................... _- EOE
l 4
O Bl P Y

4 5 '
0 X 2 03 M 05
Tag Lxy (cm) Tag Ciau (om)

The tagged events contain b quarks, as
seen by the decay length L, distribution
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Tagged Jets Properties

CDF Run Il Preliminary (695 pb ™)

o0
=

Number of jets / 10 (GeV)
3 =)

10

w
o
L T

(o2}
o
I |

30|

20

50

100

—e— Data

[ |tie2pb)

- Non-W QCD

[:l Diboson + Single Top

W4+Heavy Flavor

- Mistag

Il 1 1 1
150 200 250

E, (GeV)

The tagged jets are kinematically
consistent with the expectation from
top, as seen by their E; distribution
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Lepton +jets cross section

1.2 fb-!

NW+ =23 jets )— N (BKG )

o (tf) =

A-e-det

A: ttbar acceptance E: b-jet eff. for ttbar

| o(fF) = 8.2+0.5(stat)+0.8(syst) pb |

Assuming a Top mass of 175 GeV/c?
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Lepton +jets with > 2 vertex tags

b-tagging efficiency
and its uncertainty

enters twice here | CDF Run Il Preliminary (1.12 b7 | . ..,
5% N
L_IE 802 I 7 =W+Lightlrfl:vorop
%70: 7 4 I Non-w

3 o . o " ] w+Gharm

2 JeT bln- E60 jy‘é_‘ j [ w+Bottom

63 events observed, g Nopsigna

~ 34410 bkg. 5 region
8 30

~ 20 ttbar expected E
=

-
=]

2 3 4 »5
Number of Jets

# of jets per event:
o(tt) = 8.8+0.8(stat.)£1.3(sys.) pb
for a top mass of 175 GeV/c?
Slide 44
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Soft Lepton Tagging

= Leptons from semi-leptonic decays of B have a softer p;
spectrum than W/Z leptons and are less isolated

» Soft Muon Tagger based on a "Global 2" to identify low-
p; muons:

» “Global x?" combines information from muon matching variables
» There is no calorimetry or isolation requirements

e or |Lin jet

“+ b-tagging with SLTu:
> Track with dR ; .+<0.6,
|dZ i zix/<DCmM & p3 GeV/c

are considered by the SLTu tagger
> An event is tagged if at least e b— fuc (BR ~ 20%)
one SLTH 1.09 is found e b—c—flus (BR ~ 20%)

-
-.l'
-
.
.
b
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Top cross section summary

wLepton+Tra§:k
(L=1070pb ")

*Dilepton .
{L=1200pb ")

‘Lepton+Jets: Kinematic
(L= 760 pb ")

‘Lepton+Jetfs: Vertex Ta
{(L=1120pb’)

LR
[ cacciari ot al. JHJEP 0404:068 {2004)
Kidonakis,Vogt PRD 68 114014 (2003)

o

11 T 11 11
AssumL mz=175 e"\a'ic2
CDF Preliminary

8.3+1.310.7+0.5

6.2t1.1+0.7+0.4

6.0+0.6+0.9+0.3

8.2+0.5+0.8+0.5

Lepton+Jet§: Soft Muon
{L=760pb")

"MET+Jets: Vertex Tag
(L=311 pb')

‘All-hadl‘oni(f:: Vertex Ta
(L=1020pb")

*Combined(’old SLT.all-h
(L= 760 pb ')

NEAN

1.0
7.8+1.7+1%40.5

14
1+1.2+1240.4

\\\§

ma

6.
g 20
8.3+1.0+22+0.5

7.310.510.61£0.4

(st t)ir(sys?ir (fumi
[ [ 1

0

2 4 6

8 10 12

o(pp — tt) (pb)
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‘ /s-Dependence: ‘

CDF Run 2 Preliminary |
Combined 760 pb”’

-
N
T

CDF Run 1
Combined 110 pb™

a(pp — tt) (pb)
7
|

& 1 L} 2

{‘k:j_'{p_ﬁfi\fl?-z -------------- % ____________

[ E— —-"'""""_‘@jjr_'-iﬁ%‘!'iz __________________________ .|
"‘""”--”-:;-;:.‘_:j?!’_??y—@-z -----------------

ac T —

2l ]

D Cacciari et al. JHEP 0404:068 (2004) m=175 GeVic? i

] T I S S R S S S S S S

1800 1850 1900 1950 2000
Ns (GeV)

— Main data driven systematics
(jet energy scale, ISR, &,,,) scale
with 1/3N :

— RunIl(2fb!) éoy/cy <10%
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Top Mass

250
200
4
N { qi ﬁ { ' } EH §8 g8
o i
> 150 -
G L 4
~ *
n .
% ¢ From the EW Fits
= 100 = pp colliders limit
g' e+e- colliders limit
= = CDF Run1
= DO Run1
. £
50 i~ = Run1 World Average
|
n® e DO Run2 average result
L ® CDF Run2 average result
0 ¥ } } } } } } } } } } } } } } } } } } }

1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Year
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Why is Top Mass so special?

80.6
. 1 —LEP1, 5LD Dat
Top mass is a fundamental ; .
SM parameter 80.51 68%CL
Related through radiative > CDE&DO
corrections to other EW G go4] RUNII
observables. s
t H =
iC) wow T w 80.3-
U_ | m, [Ge ]
b W 80 2 114 B,D. 100" IF‘Ir'eI!milnalry
A My o M= A My e ln My 130 150 170 190 210

m, [GeV]

- Very important for precision tests of SM.

‘Together with M, and other electroweak precision
measurements, it constrains M,

- By far the largest quark mass, largest mass of all

known fundamental particles
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What is the top mass?

= Particle masses are not "directly measured”
— ohe can only measure cross sections, decay rates

" Measurement of M,,,: at Tevatron, LHC:
= kinematic recons’rruc’rlon fit to invariant mass distribution
— Best measurement from lepton +jets

= Experimental accuracy of My,

— Measurement < comparison data from Monte Carlo

= you measure the mass that is implemented in your MC
measured mass is not strictly model independent

= Situation at the Tevatron:

—>0M,,, = 1.8 GeV (Tevatron: today, stat+sys.)
= Projections at the LHC:

—0M,,, < 1 6eV with 10 fb-!

>Will Tevatron get there first?
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Top Mass Measurement Challenges

Why so challenging? It is a difficult measyement

Many combinations of leptons and jets: WV

# Evenfs are Complicafed! ‘//V .........................

===p Measurements are not perfectl X. [t

===p Experimental observations are not 1
<jet

as pretty as Feynman diagrams!
*Missing neutrino

=Confusion in ID assignment (add. Jets _

from ISR/FSR, b-tag: not 100% correct) b't
Jjc

=Link observables to parton-level energies
=Large syst uncert. from jet energy scale
*Need accurate detector simulation

Method: reconstruct M;,, with 2 constraints:
M(W*)=M(W"), M(t)= M(’rbar')
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Lepton + > 4 jets: template method

¥* mass fitter:

Datasets =Finds top mass that fits event best
= All event info into one number

Data[™ MC = 12 parton/jet matching assignments
possible, 2 longit. neutrino possible,

use b-tag to reduce permutations

++ MC o = test for consistency with top using
kinematic constraints
= choose combination with lowest y2

=8 =

Templatesi- =

=

“77 Likelihood

Likelihood fit: fit Result
1-tag(T) Reconstructed Top Mass (GeVic’)

= fit resulting mass distribution to MC
background + top signal templates at
different values of M,,,

= Best template to fit data gives mass

= Constraint on background normalization
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CDF Run |1 Preliminary

0 150 200 250




The new CDF top mass measurement in
- Lepton+Jets channel with 1.7 fb-

Improve stat. power of the Categ. |1tag | 2-tg

method dividing the sample

. ; - > .
in 2 categories of events )13 Ep20 | Ep20

' 4 20 12
contamination and different exp-back | 96.0+7.0 | 6.4+,
Obs.# ev. 218 89

sensitivity o the top mass

= Subdivision improves statistical uncertainty.
— Pure and well reconstructed events contribute more to result.
— Adds O-tag events.

= Subdivision does not improve systematic uncertainty.

= Most systematics, including jet energy scale, are highly
correlated among the samples.
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Top Mass reconstruction in Montecarlo events

Reco. Top Mass (1-tag(T))

0.14— CDF Run Il Preliminary

0.12- ‘op )
N, F - ] 145 Gevic
S 0.1 I 2
% oL -. [O] 165 GeVic
© 0.08 [[] 185 Gevic?
£ - 205 GeV/c?
S 0.060 L
o r
& 0.04-

0.02-

200 250 300

me°(GeV/c’)
2-tag 1-tag(T)

“‘21 000 ] anlcome. “ﬁgg [ ] Allcomb.

% 800 AMS = 27 GeVic® %15[] AMS =32 GeV/ic®
L] B corr. comb cw%z: m}gg B o comb (zaa-azj
vy 600 AMS = 13 GeVic 0 100 AMS = 13 GeV/c
E 400 % 80

i 20 a 22

100 150 200 250 ﬁD 350 100 150 200 250 300 35l[l
m==°(GeV/c m=="(GeV/c )
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Mass analysis event selection & Backgrounds

= W-+heavy flavor jets(bb,cc,c)
= Heavy flavor fraction from MC
= Normalized to data

= W+jets(mistag)

— Use measured mistag rate,
applied to the data

= Multijet:non-W (jet->e, track->p)
= Estimated from data

= Single top, diboson (WW ,WZ)
— Estimated from MC

In 1700 pb-!

307 candidate
events used for top
mass measurement
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Systematic Errors (based on 318pb)

Systematic AM,,, (GeV/c?) Dominated by

Jet Energy Scale 3.1 ‘ jet energy scale:
ISR 0.4
FSR 0.4
PDFs 0.4
Generators 0.3
Background shape 1.0
b-jet energy scale 0.6
b-tagging 0.2
MC statistics 0.4
TOTAL 3.4

Can we improve jet systematic?
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Systematic

Systematic Errors

AM,,, (GeV/c?)

Jet Energy Scale 3.1
ISR 0.4

FSR 0.4

PDFs 0.4
Generators 0.3
Background shape 1.0
b-jet energy scale 0.6
b-tagging 0.2

MC statistics 0.4
TOTAL 3.4

=)

B-jet energy AMigp
scale (GeV/c?)

Heavy quark 0.4

fragmentation

Color flow 0.3

Semi-leptonic 0.4
decay
Total 0.6

Though we find that 70% of JES uncertainty comes from b-jet, b-jet
uncertainty is mainly due to generic jet corrections: only 0.6 GeV/c?

additional uncertainty on M

Roma Tor Veraata, Novembre 2007
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Jet Energy Mismeasurement

Precision on the determination of jet energies is necessary for M, measurements.
Jets may be mismeasured due o a variety of effects:
Ssiornmeten st = Instrumental effects:
Non-unitorm - > calorimeter non-linearities
response > non-instrumented regions
» non-compensating calorimeter
I T
fo_l'- l ," . =Algorithm effects:
- TeSP. l cone » might not capture all particles (out of
of 7t0/mi+- N ¢t Sarticle - cone)
Non-linearity >low energy jets might not be possible
ql1H to define
1 q "
hower, frag.!' |! .
J 3k - =Physics effects
1) »Contribution from underlaying event
&3 —> * »>multiple ppbar interactions
A\ underluinea >there are different types of jets
P A w rees ol
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Jet Energy Correction

Determine true "parton” E from measured jet E in a cone 0.4

calorimeter jet

Non-uniform
response

Diff. resp.
of 0/mi+-
Non-linearity

Shower, frag

Roma Tor Veraata, Novembre 2007

-

The correction factor depends on jet E; and
n and is meant to reproduce the average jet
E; correctly, (not to reduce the jet
fluctuations around this mean)

A set of corrections was developed for
generic jets:
—Absolute corrections (photon-jet balancing)

—Relative corrections (central-forward
calorimeters, dijet balancing)

Out-of-Cone: correction to parton
Underlying event

"top-specific correction” to light quark jets
and b-jets separately
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Jet Energy Systematics

*What is jet energy scale "JES™ =~ Frac. Syst. uncert. vs Pt -
=Measures how incorrect

is our nominal jet energy
measurement.

=Units of o: correspond t
one s.d. of jet energy

0.1p—"

0.05

Fractional s@cematic uncertainty

b=}
IIIII\\\|IIII|III\‘IIIIIIII

uncertainty oos e RUNL =
= Accounts for E, 1 e -
dependence. TR 3l

LE. .. ... | Central region

20 40 60 80 100 120 140 160 180 200
Corrected jet P; (GeV)

A lot of work has been done to reduce the syst. from jet-energy scale
(a factor of two improvement compared to start of RunII). The new Run
IT systematic uncertainties are now better than Run I.
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World's Best Top Quark Mass:
M;,,+ JES simultaneous fit

= Measure JES /n situ.

= Perform simultaneous fit.

= Extend 1-D template (only on reconstructed

M,,,) to maximize sensitivity to Jet Energy
Scale:

= M,,, and JES are simultaneously determined in
likelihood fit using shape comparisons of
Reconstructed M, and, Reconstructed M),
distributions, taking correlations between them
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JES and Mtop measurements
- 2D Template Analysis -

Simultaneous fit to JES and Mtop using top mass and W
mass templates:

M: ( Tfrue Miop, JES), M;; ( true Miop, JES)

'\€~W N _
Identify jets coming from W N b-jet
All non-btagged jets pairs are taken «n

into account equally.
1/3/6 M;; per event with 2/1/0 b-tag

Reconstruct their invariant mass MJ i

M;; strongly dependent on JES
* Make Mjj templates by varying JES
Fit data with Wjj to measure JES!

M,, uncertainty is negligible (<« 50 MeV) T°'t
je

JES from W-jj is mostly
statistical —» luminosity scale !

M i mostly independent of MTop

This scale is applied to b-jets
and light-quark jets
Slide 61
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Events/(10 Gercz)

2D Top Ma

ss Result with 1.7 fb-!

Using 307 candidates in 1.7 fb-! we measure:

M, =171.6%2.1

\

(stat) £ 1.1(syst) GeV/c”

iw (stat) 1.5 (JES)

M., = 171.6 + 2.4 GeV/c?

Best single measurement

in the world!

o 1-1ag: 218 events o 22F
F 3 20F 2-1ag: 89 events
40— D Data g 18 []pata
C . T 18E
- Signal+Bkgd 2 14 Signal+Bhkgd
F e 5 E =
30 224 Bkgd only E 12} 51 Blgd only
C 10
20 o
N 4 E_ minary (1 H
10 : CODF Run Il Preliminary (1.7 fb"} 2;_
L o s L
- [ fo0 250 300 350
C_Ex . . RATESO /3 allinSy
?0 300 50
M= (GaV/c™) -~ -
§ 0L 2-1ag: 89 evenls
- 3 18F
2 50— 4ag: 218 events &S _.F GOF Run Il Preliminary (1.7 1) []Data
$ | [Jpam minary (1 e 16t Signal+Bkgd
© O Psignal+Bkgd /) g2 e 2] Bkgd only
£ [ [Esigdonly g 120
g 30 . i R T
s 20 A E
w C ] ) si
20f o ‘ 60
g / /’a ag b
10 //‘ =
[ af
F ~:~.-.-.-//4 s 05 Ao o
0 R 30 40 50 60 70 80 90 100 110 120
L (Ge &2 Mli (GeV/c)

m,"¢ in data w/ global best fit overlaid
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JES Results with 1.7 fb!

Ases = -0.3 £ 0.6 (stat. + M) o,

. Check if measured error JES vs Mtop Log likelohood

consistent with expected contours
(using pseudo-experiments)

e C B S —AINL=05 ]
R | R A e AlNL=20 ]
2 = L RLTL LR n'*'*':, B _
Measured error = 2.0 GeV/c < ; o, |, AINL=AS
_— F - % { b ey |
2] — i, tey

= 200 0.5 C LCE——
€7 Y " B R i
S 1800 = M, \ u,ﬁ ", 4
0 = . -1 . K *, . .
51 60 CDF Bun Il Preliminary (1.7 fb ) oC ", .,*';b \, N _
g 140F- - Y \ ) -, % .
a E - o, o, y .
g 120 E_ -0.5 I 4 “.."'t. o } _
3 100 - B T R ]
80 - _ . -
60 | CDF Run Il Preliminary (1.7 ") g ]
F T N TR TR TN T N N S R B L1 PRt '""I““.I L
40;— 166 168 170 172 174 176 )
20 ;_ Mtop (GEV:"C )

1 1 1 1 1 1 1 1 1 1 1 1 1 I—.—'l | —  —— | o — L L
9.5 2 2.5 3 35 4 4.5

Reported Error (GeWcz)-
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Systematic Uncertainty in 1.7 fb-!

5 S'rem(lﬁc AM1'op
Y (GeV/c?)
Residual JES 0.55 <«— From pT and n dependence of
B-jet energy scale 0.6 modeling uncertainties
Bkgd JES 0.38
Bkgd Shape 0.2
TR 0-37 Model constrained by Z+jets data
FSR 0.23
Generators 0.25
PDFs 0.17
MC stats 0.1
QCD modelling 0.11
TOTAL 1.1

Systematics are largely due to uncertainties in modeling.
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Top mass: matrix element (ME) method

=  Optimizes the use of kinematic and dynamic information

=  Calculate a probability per event to be signal or background as a
function of the top mass

=  Signal probability for a set of measured jets and lepton (x)

LS s [ SN e mg | 2 |t B2 d(E)

1
I = W imgy Alme, JES) £—
L= Ly | mg, JES)

Transfer function: probability Differential cross section:
to measure x when parton-level y was produced LO ME (qg->tt) only

*  Likelihood simultaneously determines M;,,, Jet Energy Scale,
and signal fraction:

= All jet-parton assignments and neutrino solutions are
considered, weighted.

=  Select events with exactly 4 jets, well described by LO ME.
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Selection

= After kinematic selection:

Background 1 tag > 3 tags
non-W Q0D 12,45 = 10.76 | 0.42 = 1.90
W-light mistag 1452 4+ 320 | 0.28 £ 0.08
diboson (WW, WZ, ZZ) | 295 £ 024 | 0.24 £ Q.02
£ —r e, g1yt mr 172+ 0.18 | Q.06 = Q.01
Sumn of Above 3 19194+ 321 | Q.53 £ 0.08
. | Wb 1214+ 480 | 246+ 101
W, ¢ 1107 £ 450 | Q.51 £ 0.22
hingle top 278 £ 017 [ 083 = 0.07
Sum of above 3 25599+ 5.13 | 3.80 £ 1.20
‘Total backgronnd 27.00 = 14.88 | 4.80 £ 237
Events ohserved 24 4l

Roma Tor Veraata, Novembre 2007
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Measurement

= Each event is treated as top
—We know there is background
—Create a weight to be top or background

= A kinematic NN is applied. Its output
used to weight events :

. A ISO exp I 0 iTed [ Neural network discriminant
Tfo reject some :./. . |=z
b k nd moog;i r—-J.‘,_L xinghﬁc:fgfoﬁd
- : '--]I_ ----- QCD background
ac Qr'OU o I
i S
= e
........................................... o
0.6 07 0.9
Mewu et output
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Matrix Element (L+J) Results—1.7 fb-!

| EXGC'HY 4 jefs Wl'l'h > 1 b -l-ags ; ms_CDFFlunZPreliminary1.7fb'1

Wb —Aln1)=-05
= JES here is a constant A

multiplicative factor.
= Edata = EMC/JES

. JES=102 002

o7t o+ . 1,
1

jconSiSTenT WiTh Templa.re Bystematic source S}f‘?tfmatwlmrerr':;i;?ye{\{giizr}cﬂ}
Clalibration 0.09
method MO g A
FSR. £.13 =+ (.38
Residual JES 0.53
h-JES 0.36
o o o o 4 o . Pmnllmthn[ﬁ:gﬁ?g g£
= Virtually identical sensitivity il mertins o
with fewer eventsl! Butgan oy o
e BEFk;n&iuLhagg 0.070%40.20
Using 293 candidates in 1.7 fb! o depenene oo

M, (ME/LJ}1727+1.8(stat+JES)
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One dimensional projection

= Tf one looks at the 1d projection:

CDF Run 2 Preliminary 1.7/1b
) Number of events

60

]

ZZM” }
bt

0

[
120 140 160 180 200 220 240 260
Top mass value at peak of likelihood curve (GeV/cn2)

Signal (172) + background MC = Data events
I Background MC
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Top mass summary

Tevatron March 07:
1.1+1.5

0 172.7+18 +1.2

170.9+

CDF (single measurement) Fall 07

Best Tevatron Run Il (preliminary, March 2007)
—
All-Jets: CDF
et o 171.1+ 4.3
. —
Dilepton: CDF
epton: CI 164.5+ 5.6
Dilepton: DO r 1725+ 8.0
(1000 pb™") St
+
Lepton+Jets: CDF
o 170.9+2.5
-—.—-
Lepton+Jets: DO +
Plon et 170.5+2.7
Tevatron 1709+ 1.8
(Run IX'Run i, March 2007) 1 o.f B 9_2,-’1 o '
| | | | |
150 160 170 180 190 200

Top Quark Mass (GeWcz)
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More measurements
performed

—=using other samples
(dilepton, all-hadron)

—different techniques

Mass of the Top Quark from CDF ("Preliminary)

Run 1 Dllaj)ton -

¢ 100

167.4 =10.3 = 4.9

Run 1 I_e[:;tonhjets
¢ T00 pb

Run 1 _All- ,Jets
¢ T00 pb )

‘Dilepton: Template Tt p2
(1200 p

- —
Drile ton Template it p,. with xsec.
O b

(7

176.1 = 5.1= 5.3

Dilepton:
(1800 pb

Dile ton w weight
(1800 pb ")

) Dlleéaton M atrix Element

)emplate lepton p
—_—

'Lepton+dets: MTM Matrix gl
(7700 pb )

‘Lepton+Jegts: DLM
(71700 pkb )

‘Lepton+Jets: M oD_+W—= jj
(1p700 be) Mroco i

——-
All-dets:

dat MFE.:*W—" ii

“All-Jdets oD
(1020 prjB“‘j

"CDF March '07
FTO30 pE ')

Tewvatron March’07
(CDF+D0 Run 1)

++

1

—d
186.0 =10.0 = 5.7

156 = 20= 5

172.0= 52 = 3.6
170.4 = 3.1 = 3.0
172.7 = 1.8= 1.2
171.6 = 2.0 1.3
171.6 = 2.1 = 1.1
171.1 = 2.8 = 3.2
174.5 2.2+ 4.8
170.5=1.3x 1.8
170. 9+ 1.1+ 1.5

tc.u‘) = [(spst)

wZidof = 5 5/6 (51°]/¢.}
7

150 180

170

180

190 200

M, (Gev/ic?)




Keep an eye on...

Discrepancy btw
L+jets, Dilepton ch.
measurements...?
Is it statistical?

Is there a missing
systematic?

Is our assumption of
SM ttbar incorrect??

Roma Tor Veraata, Novembre 2007

Comparison of M,__ in Different Final States
{Tevatron Preliminary, March 2007)
. Dilepton - All-Jets
87+5.86 %5 = 3.2(7%)
S Lepton+Jets - All-Jets
1.0+41 %% =01 (75%)
i Lepton+Jets - Dilepton
7.7+4.3 %Z =24(12%)
| | | |
0 10 29 30

A M, | (GeV/ic)

Stay tuned...
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Consequences on the Higgs Mass

Winter 2007

My imit = 144 GeV

(8) _
Aanad -
— 0.02758+0.00035

«++ incl. low Q° data

== 0.02749+0.00012 [ §

By
.

=< - |
= 3
2_ 1
1 B -t N
0 | Excluded \& 7 Preliminary |
30 100 300

m, [GeV]

Preferred MHiggs
MHiggS - 76+33_24 GeV

Mpiges < 182 GeV @ 95% cL

Winter 2007

i1 —LEP1 and SLD
---- LEP2 and Tevatron (prel.)

68% CL
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= Using W-jj: JES uncertainty

The Future Prospects for top mass

becomes mostly statistical

So we can reach JES uncert.
<16GeV/c2inRunII

= Reaching total 8M,,, < 1.5 GeV/c? can
be possible with full Run IT dataset

—
Q
aial

A Mj(total) GeVic’

Achieved 1.3% precision
CDF Top Mass Uncertainty

(&l and l+) channels combinad)

1’ 2" 47 a8’
v

¥ CDF Resulis

4+ Runlla goal (TOR 1996)

] —— scale afstat) /NL, Fix a{syst)

(assumes no improvements)

| e - Scale Aftotal) / NL

(improvements required)

LI |

2

10

10° 10"
Integrated Luminosity {pb'1}
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W Mass Precision (MeV)

250

200

150

100

50

JES Uncertainty (GeV/cz)

=
o

Jet Energy Scale from W—jj

» N 4
-‘\Itnl\\\mlll\tmllllq m\\-h

— CDF Run Il Preliminary

Mmp Systematic Uncertainty

from W-—jj Energy Scale Only

Now |

"1 2 3 4 5 6 7 8
Integrated Luminosity (fb'1)

Integrated Luminosity (/pb)

T T T T T T T T
= m D@Run 1a (e) Single Experiment Sensitivity -
- CDF Run 1a (e+y) -
- D@ Run 1 (e) -
- CDF Run 1 (e+y) -
= CDF Run 2 (e+p) -
— 10 MeV syst limit Preliminary s
[ | T | | | T

10 1¢* 10’ 10*



Measurement of Top Quark Production
- and Decay Properties

q a’
= Let's continue on the \/q
natural path of it
measuring top quark 5@
properties in order to Top spin polarization : _
confirm SM or find ° > * P
deviations from it

o
= IS Top quar'k Production Cross Section
adequately described
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Resonance production ? [Decay modes
by The S"’andar'd Production kinematics [Branching raﬁos]
Model?

SM

LCKM matrix element |Vipl

[ Rare decays
t->2c/Vc, t->W2Zb, ...

Non-S+M decays
t->H-, t->t,..

New Physics ?
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Conclusion

= T just touched two of the basic top
physics measurements

—=Production cross section
—Measurement of the top mass

= Until the Tevatron will run, it will be the
source of knowledge on top physics

—TInteresting check of production and decay

—Possible place to look for new physics...
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More readings

—1994 "Evidence": PRD 50:2966-3026

—Several recent “"conference papers” available from
http://www-cdf.fnal.gov/physics/new/top/top.html

—Queste lezioni: www.pi.infn.it/~giorgio/
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