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Why Study the Top Quark?

7

Its mass makes the top quark special among the fermions
see George Velev's talk on top mass measurements

Questions to ask the top quark:
“Do you really behave (only) like the Standard Model top quark?”
“If so, what can you tell us about the Standard Model?”

Obtaining answers:
Tevatron experiments CDF & D@: currently the only experiments
where the top quark can be studied

total tt1 production cross-section (! test perturbative QCD ! new physics?)

differential cross-sections, top quark properties, decay branching ratios, ...
(' new physics in tt production / top decay?)

single top production (! Vi, / new physics)
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Standar d Model Top Production A2 "////}
I

at the Tevatron v
top pair production single top quark production
(strong interaction) (electroweak interaction)
Feynman diagrams (LO): Feynman diagrams (LO):
q t
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Tevatron Data Taking Performance M

LAY

Tevatron performance D@ data taking efficiency

90%

~200 pb *:
integrated luminosity
used by many analyses

) similar numbers for CDF
) already surpass Run | integrated luminosity by a factor > 5
) physics analyses typically use 200pb ! so far
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tt Event Topologies (I) ""//1}
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topology determined by W decays:

5% dilepton events
30% lepton+jets events

1Vio] >> Vis; 1 V] 44% hadronic events
) Br(t! Wb) 100% 21% events with  leptons
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tt Event Topologies (ll)

: _ ﬁn//,
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dilepton events: 5%

2 energetic, isolated

leptons of opposite
{ charge

2 energetic b jets

missing transverse

energy

lepton(+jets) trigger
I small but pure sample

lepton+jets events: 30%

1 energetic, isolated
lepton

4 energetic jets

(of which 2 b jets)
missing transverse
energy

lepton(+jets) trigger
I large event sample, still good purity

hadronic events: 44%

6 energetic jets (of which 2 b jets)
event balanced in transverse plane
only jet based triggers

| large background () b identification!)

Frank Fiedler, LMU Miinchen

events with  leptons: 21%

additional neutrino(s) from decay
challenging to reconstruct

I interesting for new physics searches
(e.g.t! H b)
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Event selection:

Lepton+Jets, CDF Topological Analyses ()

<NE)

CDF Preliminary (195 pb -

~~ A 4th jet (control sample):
20

1) CDF Preliminary (195 pb -1)

80r Lo 0.8F T
0.5F
(pr > 20GeV), 60} 0.8] , B waiets
E;>20GeV, £ 5| £ Y moc %
- S 40} St (Pb) g
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B other T
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8 CDF Preliminary (195 pb ™) I
£, =5 war. 170 213 H distribution, 3 jets:
(<5 ] ‘ — W-jets 76.0_2‘4‘;5% ] ] ]
o s (tt) = (4:7 1:6 1:8)pb
NN output distribution, 3 jets:
(tt) = (6:7 1.1 1:6)pb
% o0z oa o6 08 1
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Lepton+Jets, CDF Topological Analyses (Il) ,,)
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neural network inputs chosen to optimise total error
both analyses: main systematic error from jet energy scale

analysis using H 1 distribution only:

jet energy scale: 30%
total systematic error: 39%
statistical error: 34%

optimised analysis using neural network:

jet energy scale: 16%
total systematic error: 22%
statistical error: 16%
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Lepton+Jets, D@ Topological Analysis (1) g_‘.ﬁll)
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Event selection:

1 isolated energetic lepton (pr > 20GeV)
missing transverse energy (Et(e+ jets) > 20GeV,
Er( +jets) > 17GeV)
at least 4 jets (E1 > 15GeV,| | < 25)
Determination of the tt content:

avoid dependence on absolute energy scale for first analysis
construct a likelihood discriminant using angular variables and
ratios of energy dependent variables, like:

sphericity: S = 3=2( 2+ 3)
i . eigenvalues of normalised momentum tensor
dijetevent! S O, isotropicevent! S 1

H ?2 = H 1,=H ,: measures event centrality
H,: scalar jet pr sum, excluding leading jet
H: scalar Jp,] sum of jets, lepton, and neutrino
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Lepton+Jets, D@ Topological Analysis (II) ,,j
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Likelihood distributions (separately for e+jets and +jets events):

Result (combined):
(tt) = (7:2%%55(stat) " 5(syst)  0:5(lumi)) pb
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B Tagging ‘%)

i

every Il event contains 2 b-jets (Br(t! Wbh) 100%in the SM)
I improve signal/background ratio by b-tagging:

tracks with large impact parameter soft leptons (muons) from

secondary vertices semileptonic decays

example: Dé event tagging probabilities: example: CDF event tagging probabilities:
"(tt)  60%,"(W+jets) 4% "(tt)  16%,"(W+jets) 3%
(events with 4 jets, 1tag) (events with 3 jets, 1tag)
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Lepton+Jets, D@ B-Tagging Analyses "/,,}

4 ‘

Select events with 1 lepton (pr > 20GeV), missing E 1
(Et (et jets) > 20GeV, E7( +jets) > 17GeV), N jets (E1 > 15GeV), and ...

exactly one secondary 2 tagged jets
vertex tagged jet: (same algorithm)
£200r = M @ 20W’ HYY
?%].80; ; Qcp — é 18 ; Qcp
Beo = e tt: 7 pb expected = e
Fiao = & - contribution shown = oo
sl Iy g1z &2
100 — 10 \ ‘
6
a
35 4 45 Be "t " is 2 28 3 ‘38 ‘4 ‘45
jet multiplicity jet multiplicity
background signal fit backgrOLEd signal fit
validation region validation region

region region

secondary vertex b tagging (158-169pb 1):
(tt) = (8:2 1:3"%2 0:5) pb
impact parameter b tagging, similar analysis (158-169pb 1):

— A+l :3 +1:9 .
(tt) = (7:2735 "1 0:5) pb
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Lepton+Jets, CDF Vertex B-Tag Analyses 7 .)
v

Select events with 1 lepton (pr > 20GeV), ET > 20GeV, and
3jets (E1 > 15GeV,j j < 2:0)

require at least one

secondary vertex tagged jet

Njet distribution:

FERMILAB-PUB-04-275-E

require exactly one

secondary vertex tagged jet

tt fraction from leading jet E1 spectrum
background shape from data (events w/o b-tag)

FERMILAB-PUB-04-207-E

=
N

—CDF il preliminary

N

In (L /Lmax)
A 000 N

Background = = # + BKG
C _ ] .5 tt (HERWIG)
Background + tt (6.7pb) —| O 0L
C = o BKG (from data)
. e Data(162pbY E S
—~
0 8
— — S
[
2
nl . S 6L
r I 7
E 1 E 4t
C require H > 200 for 3 3 jets ]
L 2 -
r —— T ]
\ \ T s m— o - : : .
1 2 3 34

Number of jets in W+jets

result (162pb 1):

e T ; -
20 40 60 80 100 120 140 160 180 200

Leading jet E 1 (GeV)

result (162pb 1):

(tt) = (5:6™2 %8

) pb (tt) = (6:0

1.6 1:2)pb
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Lepton+Jets, CDF Analysis, Soft Muon Tagging

Select events with 1 lepton (pr > 20GeV), ET > 20GeV, and
N jets (Er > 15GeV,j j < 2:0)

require one jet to be b-tagged by the presence

of a soft muon inside a jet from a semimuonic b or c decay

200 pb?! CDF Il Preliminary

[ Wbb,Wcc,Wc,Fake
= non W
(] Drell Yan
@ 102 BWW, WZ, ZZ, ZB tt
o [ Single top
>
% — Background-+tt
=] e Data (194 11 pb’)
© tt scaled to s =6.7 pb
s Require H;>200 GeV for 2 3 jets
)
o 10
£
S
zZ

1 2 3 3 4
Number of jets in W+jets

Result (200pb 1.
(tt) = (5:2"%5 "4io) pb

Frank Fiedler, LMU Minchen Les Rencontres de Physique de la Vallée d'Aoste, 27. 2. - 5. 3. 2005




oy Al
Dilepton Analyses (I) w,/‘}
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CDF measurements ( 200pb 1):

events with 2 isolated tracks (pr > 20GeV), E1 > 25GeV, and n jets
2 leptons 1 lepton + 1 track

|_CDF Il preliminary _| Event count per jet bin

30 [ e data 193 ) 80 CDF I1-197 pb ™
: [Cti, 6.7 pb 3
5 {{ [ Totbkgd + 1s = 70 = ww+wz+ 2z
[ Jzett =
1 2 60 = + Drell-Yan
20 : DY ee, mm = - + fakes
:| Il tepton fakes < 50 - _
: () +tt (sgy = 6.7 pb)

N
o

Number of events
[
(4]

w
o

10

N
o

=
o

0

o

0 1 32 32+ HT +0S o 1 3 2
Number of jets in dilepton + missing E 1 events

combined result (200pb 1):
(tt) = (7:0"54 "%  0:4) pb| PRL93, 142001 (2004)

similar D@ “2 lepton” type measurement (140-156pb 1):
(tt) = (14:3%,3 s 0:9)pb
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Dilepton Analyses (II) g_%}
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Variations of the {1 dilepton analysis:
measure tt, WW ,and Z ! production (CDF, 200pb 1):

Background

apply b-tagging (D9, 158pb 1):

10 em Data 0.08 backgrounds

8 g o Data D¢ Runll Preliminary 2 0:07 =z >mm D€ Run Il Preliminary
> = i toar Q.05 MZ>tt
(&) B o = Bww
'S 6] |Backgrounds 5 0.05 "mocow
T O —— $0.04
E g: £0.03
Z 50 20.02-

10 0.01 - (t t ) —

0° 0

0 2 3 0 1 2 3 .q1+5 :8 . .
Jet multiplicity Jetmuttipticty ~ | (11:175:5  1:4  0:7) pb
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Alljets Analyses = )
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Need b-tagging + tight kinematic criteria to see a signal:

6 to 8 jets (signal region) 6 jets

no isolated leptons exactly 1 b-tagged jet

kinematic cuts kinematic neural network
I number of tagged jets: | second neural network

including reconstructed masses:
Neural Network 2 output

Lo

o 103_ D@ Runll preliminary

o -1

—~ integrated luminosity: 162 pb

-og — re-normalized background

q>_) Vv vertex tagged data

[¢}] - —
expected t t contribution n (Obs — 220

2
10:*

n(bkg) = 186 5(stat)

10:*

0.2 0.4 0.6 0.8 1
neural net discriminant

— . =t4 7 _ —+3 4 +4 7 .
(tt) = (7:8 2:57%3) pb (tt) = (7:7753 "5  0:5) pb
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The tt Production Cross-Section 0,,,}
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4 ‘

Production cross-section (pp) ! tt+ X
CDF Runl Preliminary

LI B L LA L I B
3 cacciari et al. J}—gEP 0404:068 (2004)

m=175 Gevie © CDF Run 2 Preliminary
Dilepton: Combined 7.0 £34 17
(L=200pb )
; ; " ® 5 11
Dilepton: MET, # jets 8.6 52 +77
(L=193pb ™)
i : 16 418
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e \ \ \ \
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) all results consistent so far (detectors and SM work ok)
) consistent combination in progress
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Anomalies in tt Production? (1) &%‘}
i

Measured tt production in a large variety of channels
I Any room for physics beyond the Standard Model?

(1) Model independent analyses:

Compare cross-sections in different channels (CDF, 125pb 1):
(dilepton)= (" + jets) = 1:457) 53

CDF tt dilepton events: _CDF Il prefiminary _| % Data (193 pb )
— look at four kinematic H = lo(tsalzsglfpts)
distributions (chosen a priori) 7] SM background
— three of four distributions
look as expected
— most significant deviation ®
from expectation: 4
leading lepton Pr spectrum !

12

10

Events

‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\l
pos

N

L1 \\\‘\\\‘\\\ l l
20 40 60 80 100 120 140 160 180 200

FERMILAB-PUB-04-396-E: leacing lepion p
— overall 1.0-4.5% compatibility with the SM prediction (193pb 1)

o
orrTTT
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Anomalies in tt Production? (Il) g—%}
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(1) Model dependent analysis:
search for t°! W g decays

limit as a function of

excess of events at large Ht? assumed t' mass:
20' T T T T T I I ' '
CDF Run 2 195pb-1
t'® Wq search CDF Run 2 (195 pb 1) =10l , X P
. Preliminary ot t'® Wq, | + 34 jets channel
16 Njet® 4 T ' Preliminar
' o~ y
(=2
¢
n 12r - top 95% CL upper C%)
3 B Wets limit, m =225 GeV | 95% CL
c|>.> sl B QCD ] ot upper limit
= 1f :
4 |® - Cacciari, et al.,
@ NLL resummed
n hep-ph/0303085
% 150 200 250 300 350 200
Ht (GeV) t mass (GeV)
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Anomalies in Top Decays? + Overview = )
v

Expecttoseeonlyt ! W bdecays at the Tevatron
I anything else would indicate new physics

(1) Is the “W” we measure the W we expect?

W helicity measurements
measurement of t ! b
search for charged Higgs bosons in top decay

(Il) Is the “b” we measure the b we expect?
measurementof Br(t! WDh=Br(t! Wq)
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W Helicity in Top Decays (l) % )
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(V=A) structure of the weak interaction

) spins of top decay products:
b t w

< N\ NN\
b quark:  top quark: W boson:
= => 0 |
€ = DWmomenimay
= =
< o ;

) SM predictions: fraction of top decays with a...

L _ 1 :
longitudinal W boson Fq = T2mZ =m? 0:70
left-handed WbosonF =1 Fy 0:30 el
right-handed W boson F, = 0 Bost e
Toefn
) distributions of decay angle  in 02 \ N
W rest frame for different W helicities: . A—— 02002 o N
cos g~
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W Helicity in Top Decays (II) %}

Measurement strategies at Tevatron Runll:

lepton [Py from leptonically decaying W (CDF)
explicit reconstruction of decay angle COS (CDF & Dé)

CDF Run Il measurements:
lepton Py spectrum: decay angle:

CDF Run Il Preliminary (162 pb ™)

I I

-log(likelihood)
R PR
] NO"’“"(’”“"’”

Events

——Best Fit

— Longitudinal
—— Left-handed
Background

| © = N w D ()] (2] ~ [oe] ©
T IBEREARERN TT T TT T TTTT)
ul
o

Fo= 0:277%33 Fo = 0:89"%:3%(stat) 0:17(sys)

Dé RunI: extended matrix element (cf. M measurement)! Fg = 0:56 0:31
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W Helicity in Top Decays (lII)

: _ iﬁwl
‘%)

Dé Run Il measurements:
decay angle, topological selection:

decay angle, b-tagged events:

@ Run Il Preliminary

eI .. "

1 08 06 04 0.2

s 1

3 159 169 pb —e— Signal+Bkg
— == == Signal

:_ | =i Background

L T T .

O 02 04 06 0.8
cosg*

F. < 0:24at 90% C.L.

CDF Run| measurement:

1

[ Decayange | DAERuUN Il Preliminary
8 - -@-Data
=10 1 | ttbar (V-A)
c [ 159 169pb - - -ttbar (V+A)
L sl [ W+jets
- [J QCD

61

s

2Fi- |

1 -0.8-06-04 -02 -0 0.2 04 0.6 0.8 1

COS
F. < 0:24at90% C.L.

M-y, (similar to COS ) & lepton p;: F+ < 0:18at 95% C.L.
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Charged Higgs Search g_"ﬁ.)
v

charged Higgs with my < M;?
| subtle changes in event topology accordingto H decay:

largetan : H' ! excess of decays in tt events
H* ! cs excess of fully hadronic tt events

H* I Wbb 2extrabjetsintt events

small tan

inputs to CDF analysis:

(tt ! dilepton)

(tt! ~ + jets)
tt! "+ )

SM expectation

< 5:0at95% C.L.
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Top Decays g_ﬁ)
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Does the top quark decay to other quarks than b quarks?

compare {1 everg rates with 0 (CDF only), 1, and 2 b-tagged jets
2 111 *Qg3(stat + syst) CDF; 162pb !
0:65*%:35(stat) *415(syst) D ; imp: par:; 158 169pb !
0:70*%:54(stat) *Y15(syst) D ; secvix:; 158 169pb 1!

Br(t! Wb _
Br(t! Wq) 3

Note: Cannot measure |Vip] in top decays:

Br(t! Wb _ Vo _ el
BI(LT Wa) Nl + Vel2# Vo2 1 oM
JVinj?

for > 3 generations

?

) single top production: SM cross-section  jVipj!

+ sensitivity to new physics...
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Reconstruction of Single Top Events (I)

Concentrate on s and t channel production (t+w not feasible at the Tevatron)

Expected event topology: (only consider leptonic W decays)
top decay products: lepton, E 1, one energetic b jet

s-channel: another energetic b jet

normalised entries

— lepton

] — b from top
I — other b

12 3.4 5

pseudorapidity

normalised entries

additional light quark jet

d

q— g 4d
w
t
1.9 pb 5

b —~ t g

b
F — lepton
o — b from top
= other b: — other b
o Io<\iv P — light quark

Challenge: large W+jets background

Frank Fiedler, LMU Miinchen
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1 0 1 2 3 4 5
pseudorapidity

t-channel: other b jet at large | |, low Pt
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Reconstruction of Single Top Events (ll) !

LAY

Selection of single top events at DA/CDF:

Events / 15 GeV

Frank Fiedler,

NN\

energetic isolated charged lepton, Z ! veto

missing transverse energy

214 | 2 jets, at least one b-tagged jet

H 1 cut/ reconstructed top mass: 140< my- < 210GeV
Qlepton bjet distribution to disentangle s and t channels

. CDF Run Il Preliminary CDF Run Il Preliminary Entries 33
- I I ' '[ Entries 42 | 010~ Data versus SM expectation . Data
8 — c
- S s 4 Il t-channel
—— Data = AN dt =162 pb [ s-channel
7 : = o 8_— 0 I ttbar
6 B single top o [ [ non-top
. B E 2 6 o
7] non-top g r J» _
4 -o- —] i L
E 4
3 3 -
2 = -
‘ ] 2
1 - i
0 L L. I. E 0
100 150 200 250 300 350 400 450 3 2 1 0 1 2 3
H, [GeV] Q-h

Phys. Rev. D, 71 012005 (2005)
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Single Top Results %}

(singletop) < ...

s channel tchannel s+t channel
CDF 13.6 pb 10.1 pb 17.8 pb
DY 19 pb 25 pb 23 pb

) limits from Run Il better than from Run |

compare with expected t-channel cross-section of 1.9 pb:
) need more integrated luminosity to measure | Vip ]

new, re ned analyses with more data on their way...

expect to see (SM) single top production with a few fb 1
(...hope to nd new physics...)
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Conclusions ",‘}
I

Top physics at Tevatron Run II:

{1 cross-section measured in many channels: consistent with SM

| next steps: work on systematic errors (jet energy scale!)
combination of channels

more {1 measurements :

differential cross-sections, W helicity measurements,

search for rare top decays

| great potential with increasing data samples

Single top production (! JVip)):

Run Il limits surpass Run| results

looking forward to more data, and:

I working towards the discovery of single tops at the Tevatron!

Top mass: see George Velev's presentation
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Lepton+Jets, CDF Topological Selection ,,j
v

Expected Relative Error on ttbar Fraction from NN-shape Fit Estimated Systematic Error for ttbar Fraction from NN-shape Fit
3 X N
(%) 24 a MC sample ~N1.935 gb (90)34] , MC sample ~ 195 pb
] ) ] i3
o3 32] Nj3 3
22 30
29 % 28
I =
19 A, 24 . s
. Zi A a 2 A 4 A A
lg: A o A A ] A A : Lhaa 4 a 4
a A A A 20! A A 4
1?E A A apat N N : N A 4 R . . A
16] 4 18 s
0 2 4 6 &8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Number of Input Variables Number of Input Variables

optimum choice:

scalar sum of transverse energies, Ht

aplanarity, A

minimum di-jet mass, min(m;; )

maximum jet rapidity, max

minimum di-jet separation, MiN( R;;) P |
sum of jet transverse energies excluding the two leading jets, i5:3 E:
SHm ofjetlg,ongitudinal momenta divided by sum of jet transverse energies,

( pz):( ET)
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Lepton+Jets, D@ Topological Selection

(«e

. _ PP, . _
normalised momentum tensor Mjj = P kk7k eigenvalues: 1 > 3, =1

B
sphericity: S = 3=2( »+ 3)
aplanarity: A = 3=2 3
H?z = Ht,=H,: measures event centrality
H,: scalar jet pr sum, excluding leading jet
H: scalar jp,] sum of jet, lepton, and neutrino
K(T)min: measure of minimum relative jet Py
take the minimum dijet separation, multiply by the smaller of the two jet Et values
divide by Ef (W !~ ) to reduce jet energy scale dependence
tends to have small values for main background
Frank Fiedler, LMU Minchen Les Rencontres de Physique de la Vallée d'Aoste, 27. 2. - 5. 3. 2005



o Al
Lepton+Jets, CDF Double Vertex B-Tag Analyses g_%“}

select events with 1 lepton, missing E1, and 3 jets
require two jets to be secondary vertex b-tagged
) reduced systematic error from background cross-sections
) but b-tagging efficiencies “count twice”

regular secondary vertex b-tag loose secondary vertex b'tiwz
CDF Il preliminary CDF Runll Preliminary (162 pb ™)
- ' ' "' mistags ] 18 [ single Top
14 1 g Wb - C _

- 162 pb = ] . 16 [ wob
% 12— 5 ﬁél%lfetgﬁb) i g 14+ I:lWCtf
> B [] TotPred.+1s 1 r
% 10:_ e Data(162pbY _: |_|>J 12F .QCD
§ 8:— E -g)j 10 |:|Mistags
L T . D qof I G i
g E lf_IU 85— | ]ti(6.7 pb)
s [ . o 6 —e—Data, 162 pb
5 4 o= e
g I . 3 4
T 1 ) 23_

0 | | l = 0_
1 2 3 3 4 1 2 3 >= 4
Number of jets in W-jets Number of Jets in W+Jets
_ A2 4 +1:1 _ .Nt2:4 +1:8
(tt) = (5:4"g(stat) "p:a(syst)) pb (tt) = (8:2°%(stat) "3:g(Syst)) pb
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CDF Analysis Looking for Yy il
Anomalies in Dilepton Events @,,/,}

Look at four kinematic variables in dilepton events

Quantities chosen a priori:

Iepton transverse momentum missing transverse energy
z (E predicted E measured )2 dicted
— T T predicte ..
T= exp > 2 dE; (; ET)
Er
# Data (193 pb %) * Data (193 pb %)
14— I Total SM % 1s = Total SM = 1s
1aF Il tt (s = 6.7 pb) = Il tt (s = 6.7 pb)
? [] SM background = [[] SM background
10? N 4;
|3 -
2; 1;
c’0: 20 a0 60’ 80 100 120 140 Teo 180 00 c’0: ‘ Zoo " Zmo
leading lepton p E., GeV
CDF Il preliminal * Data (193 pb 1) CDF Il preliminal * Data (193 pb 1)
Total SM + 1s E Total SM + 1s

Bl tt (s = 6.7 pb)
[] SM background 5

Bl tt (s = 6.7 pb)
[] SM background

Events
Events
w

p . 25 3
T Df (I, Ey),rad
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