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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 production cross-section ( test perturbative QCD  new physics?)
differential cross-sections, top quark properties, decay branching ratios, ...
(  new physicsin  production / top decay?)

single top production ( / 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):
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Tevatron Data Taking Performance 0‘}
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Tevatron performance D@ data taking efficiency
Run Il Integrated Luminosity | 19 April 2002 - 20 February 2005 | Daily Data Taking Efficiency [ 15 aizo02 - 20 February 2005 |
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similar numbers for CDF
already surpass Run | integrated luminosity by a factor 5

physics analyses typically use 200pb so far
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Event Topologies (1) %}
I

1.2% 1.2% 14.8%
2.5%

topology determined by W decays:

5% dilepton events

30% lepton+jets events
44% hadronic events

21% events with  leptons
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Event Topologies (1)
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dilepton events: 5%

2 energetic, isolated
leptons of opposite
charge

2 energetic b jets
missing transverse
energy

S P
~
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S|

~

\\\
~
-\ - Er3n

lepton(+jets) trigger
small but pure sample

lepton+jets events: 30%

1 energetic, isolated
5 lepton
4 energetic jets
(of which 2 b jets)
missing transverse
energy

lepton(+jets) trigger
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
interesting for new physics searches
(e.g.t H Db)
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Lepton+Jets, CDF Topological Analyses (l) %}

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

Event selection: CDF Preliminary (195 pb -1) CDF Preliminary (195 pb -1)
80_ T T T 1.0 T i i I T ] ] ] T T T 0'8_| -
1 lepton Net * 3 fw 0.9 7 16} et w
60} 0.8} 14 top o5F ;
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8 ‘ CDF Preliminary (195 pb ™) I
2] E S e ttbar: 17.6 +3%6 . . . - .
2 70l =y whar: 170 =i distribution, 3 jets:
<) ] ‘ — W+jets 76.0 =456
60; Nj3 3

NN output distribution, 3 jets:

O ~ 02 =~ 04 ~ o0 =~ 08 = 1
NN output
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Lepton+Jets, CDF Topological Analyses (lI) g_@
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neural network inputs chosen to optimise total error
both analyses: main systematic error from jet energy scale

arbitrary units

arbitrary units

ominal ttbar

Ne
==+ Shifted tthar
Nominal W3p
"""""" Shifted W3p

100 200 300 400 500 660
HT (GeV)

Nominal ttbar
-« Shifted rtbar

Nominal W3p
----------- Shifted W3p

[s]
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01 '0ol27 037 0/4 '0/5 06 07 08 09
NN output

analysis using distribution only:

jet energy scale:

total systematic error:

statistical error:

optimised analysis using neural network:
jet energy scale:

total systematic error:

statistical error:
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Lepton+Jets, D@ Topological Analysis (1) g_ﬁ
)

Event selection:

1 isolated energetic lepton ( )
missing transverse energy ( )
at least 4 jets ( : )

Determination of the content:

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

2 o —Wiji e —Wiji sphericity:

£ it t . eigenvalues of normalised momentum tensor
g 02 . . .

ot ke dijet event , isotropic event

e
o
=

. measures event centrality
] - . scalarjet  sum, excluding leading jet

‘0 ‘0.|‘I o.lz o.lz o.|4 o.lé als ul? 08 09 1 00 02040808 1 121415 18 2 . . .
Sphericity H 2" . scalar sum of jet, lepton, and neutrino

e
2

a.sf-

e
B
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Lepton+Jets, D@ Topological Analysis (Il)

Likelihood distributions (separately for e+jets and +jets events):

e data
B fitted ttbar

[ ] fitted W+jets
B fitted QCD

- e+jets
35t L=141pb™

30

no of events

°o 01 ‘gi‘z‘ 0.3 0.4 'c':f‘s_' 0.6 '6_1'7' 'c'i_‘a‘ 09 1
Likelihood Discriminant

Result (combined):

no of events

(5]

N

—

0 p+jets » data
L=144pb* M fitted ttbar
[] fitted W+jets
B fitted QCD
0
0 —

9% "0'2 " 04 o' 08 1
Likelihood Discriminant
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B Tagging g_%)

every event contains 2 b-jets ( in the SM)

Improve signal/background ratio by b-tagging:

displaced
tracks

Secondary /
vertex SOy
e or [Lin jet
\ ny’/r/
Primary .-
vertex d 0
T y b
x

prompt tracks z

tracks with large impact parameter soft leptons (muons) from

secondary vertices semileptonic decays
example: Dé event tagging probabilities: example: CDF event tagging probabilities:
(events with 3 jets, 1 tag) (events with 3 jets, 1 tag)
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Lepton+Jets, D@ B-Tagging Analyses "/,.}

4 ‘

Select events with 1 lepton ( ), missing
( , ), jets ( ), and ...
exactly one secondary 2 tagged jets
vertex tagged jet: (same algorithm)
&20074%—%H—Prel+mrﬁary—" imi @ 20W’ imi
;C'>;‘180; - Qcp — é 18 - Qco
Beo = e tt: 7 pb expected = e
Fiao = &= contribution shown =
gl ¢ E ity g 12 S i
100— ] 10—
80 8
60 6
40 a—
20 2;
85 _ _ sE 445 Bs b Is 2z 2s s a8 4 as
jet multiplicity jet muiltiplicity
background signal fit backgrand signal fit
validation region validation region
region region
secondary vertex b tagging ( - ):
impact parameter b tagging, similar analysis (  — ):
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Lepton+Jets, CDF Vertex B-Tag Analyses g_@
v

Select events with 1 lepton ( ), , and
3jets ( : )
require at least one require exactly one
secondary vertex tagged jet secondary vertex tagged jet
distribution: fraction from leading jet spectrum
background shape from data (events w/o b-tag)
FERMILAB-PUB-04-275-E FERMILAB-PUB-04-207-E
180[-CDF i preliminary ‘ Ba(‘:kground ‘ — > 2 tt + BKG =
E - - D L tt (HERWIG) £l
160—+— Background + tt (6.7pb) —| O 0L I — S0
140= *  Data(162pb") E S ( ’ =,
%120; = 2 8 [
ks C ] (¢5]
%100; E q>_> 6
“g 80— | - i
‘ : °f \
= 40:, require H > 200 for 3 3jets; L
C N il 2~
201~ ——
- —_y—: i O R M . !
0 ‘1 2‘ 3‘ 34 ° 20 40 60 80 100 120 140 160 180 200
Number of jets in W+jets Leading jet E T (GeV)
result ( ): result ( ):
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Lepton+Jets, CDF Analysis, Soft Muon Tagging

Select events with 1 lepton ( ), , and
3jets ( : )

require one jet to be b-tagged by the presence

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

200 pb?! CDF Il Preliminary

= Wbb,Wcc,Wc,Fake
= non W

(] Drell Yan

OOWW, WZ, ZZ, Z® tt
[ Single top

2
10
— Background-+tt

e Data (194+ 11 pb')
tt scaled to s .=6.7 pb

Require H;>200 GeV for 3 3 jets
S

10

Number of tagged events

Number of jets in W+jets

Result ( ):
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Dilepton Analyses (I) @,,,}
|

CDF measurements ( ):
events with 2 isolated tracks ( ), ,and jets
2 leptons 1 lepton + 1 track
[_CDF Il prefiminary | Event count per jet bin
30 i[ e data(193pb ) c 80 CDF1I-197pb™
(i 6.7pb el
25 t| ot bkgd = 15 = 70 = ww+wz+ 2z
Ejv(\?w:/tvz D o B+ Drell-Yan
g 20 E DY ee, m _'GC_.') -+ fakes
% i Il \epton fakes - % 50 + 1t (S = 6.7 pb)
5 15 : — 40
5 ] 20
> B 10

0

o

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

combined result ( ):

PRL 93, 142001 (2004)

similar D@ measurement (- ):
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Dilepton Analyses (ll)

dilepton analysis:
, WW, and

Variations of the
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Alljets Analyses v .)

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
number of tagged jets: second neural network
e _ -1 . .
- [CDF Run Il preliminary, L=165 pb | including reconstructed masses:
2 f Neural Network 2 output
g 180:_ N S 8 103_ D@® Runll preliminary
% 160 :— S E integrated luminosity: 162 pb *
= B g - — re-normalized background
140:_ q>_) : _ Vv vertex tagged data
120 i— @ - expected t t contribution
1001 10°F
60 - P '.7-
40 :_ Background uncertainty i
B Background
20__ Background + top (o=7.8 pb) 10 -
- s . Data C | | | v |
o—! ' : ' ' 0.2 0.4 06 08 1
djets bSjets 6bjets 7jets 8jets neural net discriminant
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The Production Cross-Section ‘.)
v

Production cross-section
CDF Run I Preliminary DZ Run Il Preliminary

7\ dileptons -1 +5.142.6
Y p—e H 146 pb" 1437 '~ b
3 Cacciari et al. J}-;E‘P 0404:068 (2004) ! ! ! B q‘é P 4.3-19 P
m=175 GeVic . CDF Run 2 Preliminary % ’\E
F 1 . &
Dilepton: Combined 7.0 24 +17 5 5 I+jets (topo) 143 b-1 7 2+2_6+1_6 b
(L=200pb %) — H"'\'%F—H P 2417 P
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g +jets (soft p -1 +4.1+2.0
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. Ki ; 11 416 50!
L(E:ﬂggr;:ql?ts. Kinematic NN 6.7 £771 *1¢ B : g. eu (SVT) 158 pb-1 111 1:2:+:: pb
Lepton+Jets: Vertex Tag+Kinematic 6.0 +18 +12 S o
(om0 R 1+jets (CSIP) 1 +1.3+19
Lepton+Jets: Vertex Tag 5.6 +12 +02 = ™ = 164 pb 7.2 1-2 1-4 pb
(L=162pb %) \J\’X 1.2 -1.

i ot

i 24 .11 =

I_(fﬂgzr;:qgts. Double Vertex Tag 5.0£73*5s % I+jets (SVT) 164 pb_1 3 2+1 3419 pb

T 1318

[$2]
[oe]
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W
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ww

Lepton+Jets: Jet Prob Tag
(L=162pb )

all jets 162 pb-1 7.7+3.4+4.]' pb

' L 4
Lepton+Jets: Soft Muon Tag 33.3.8

(L=193pb ™)

[&]
N
+
PN
©wo
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ow

- =

~
(o]
I+
[NIN)
51
I+
INEN
w~

All Hadropic: Vertex Tag

® -
‘(L:‘“?SPF‘)"m”m”m”m‘”'m'” ..I....I%u.l....l....l
0 2 4 6 8 10 12 14 0 5 10 15 20

s(pp ® tf) (pb)

o (pb)
all results consistent so far (detectors and SM work ok)
consistent combination in progress
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Anomalies in  Production? (I) g—%}
G

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

(1) Model independent analyses:

Compare cross-sections in different channels (CDF, ):

CDF dilepton events: _CDF Il prefiminary _| % Data (193 pb )
) ) 14 I Total SM + 1s
— Io.ok'at fgur kinematic - B i (s = 6.7 pb)
distributions (chosen a priori) 7] SM background
— three of four distributions
look as expected

12

10

Events

‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\l
pos

— most significant deviation ®

from expectation: 4

leading lepton spectrum 2

FERMILAB-PUB-04-396-E: oo e e g
— overall 1.0-4.5% compatibility with the SM prediction ( )
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Anomalies in  Production? (II) g—%}
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(1) Model dependent analysis:

search for decays
limit as a function of
excess of events at large ? assumed t' mass:
20' T T T T T I I ' '
CDF Run2 195pb-1
t®Wwqsearch | CDF Run2 (195 pb-1) =10l , P
3 Preliminar ot t'® Wq, | + 34 jets channel
161 Njet 4 y . - ..
) N Preliminary
=2
o

n 12r - top 95% CL upper C%)

3 B Wets limit, m =225 GeV | 95% CL

c|>.> sl B QCD ] ot upper limit
= 1r E

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

Expect to see only W decays at the Tevatron
anything else would indicate new physics

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

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

(Il) Is the “b” we measure the b we expect?

measurement of

Frank Fiedler, LMU Minchen Les Rencontres de Physique de la Vallée d'Aoste, 27. 2. - 5. 3. 2005
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W Helicity in Top Decays (l) % .)
v

(V=A) structure of the weak interaction
spins of top decay products:

b t w
< . W W W W
b quark:  top quark: W boson:
= => 0
(spin component along
< < b/W momentum axis)
= =
<< L ;

SM predictions: fraction of top decays with a...
longitudinal W boson

left-handed W boson
right-handed W boson

—~ 0.7
* E
T 06 [
0 E
O 05 F
o -
— [~ ~
b ; 0.4 £ hANE ,
E N
0.3 |

distributions of decay angle in ‘,
W rest frame for different W helicities: ME Tl

cos g~
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W Helicity in Top Decays (ll) g_@
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Measurement strategies at Tevatron Run Il:

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

CDF Run Il measurements:
lepton  spectrum: decay angle:

CDF Run Il Preliminary (162 pb ™)

60 [ CDF Il Preliminary 9 _
18 [ 18
r [ Ldt =2 —t 1 F =%
] 00 pb . 8: s i
50 - g C o 10k
21 7E £ g,
? ;i : g
= 40| i 6 SR
O r 05 0 05 1 15
S 2 sp Fo
@ 30 ] s e Data
2 o AE e — Best Fit
= i T - . .
qc, o0l best fit ' 3E — Longitudinal
i left-handed component | F — Left-handed
L longitudinal component | 2; Background
10 T background component | li
" ‘ : . ‘ i obE T e L.
0 50 100 150 200 250 300 1 0.5 0 0.5 1 15 2
charged-lepton p; (GeV) _ cos g*
Dé Runl: extended matrix element (cf. measurement)
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W Helicity in Top Decays (lII) s )
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Dé Run Il measurements:

decay angle, topological selection: decay angle, b-tagged events:
- L @ Run Il Preliminary | Decay angle | DZARun Il Preliminary
30:_ 159169 pb —e— Signal+Bkg 8 - -@-Data
- _ =10 [ ttbar (V-A)
25F == == Signal UEJ' - - - -ttbar (V+A)
C - [ W+jets
20:_ —— Background 8: 0 oCD
15F l 61
10:_ ;I:I-I--l'.l-.l-l:l.ﬁ-m-l-lw-I-II-II-II } { 4:_
| 21+ |
0 0 ﬁ . | N ! I
1 08 06 04 02 0 02 04 06 2.538 q*l YRRV T
cos q
at 90% C.L. at 90% C.L.
CDF Run| measurement:
(similar to ) & lepton at 95% C.L.
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Charged Higgs Search

charged Higgs with ?
subtle changes in event topology according to decay:
large ; excess of decaysin events
I excess of fully hadronic  events
sma
2 extrabjetsin events
t — Hb search CDF Run Il Preliminary
160 Excluded 95 %CL m= 175 GeV (L dt =192 pb’ 160
64/ ] — i Bipitiee inputs to CDF analysis:
140 g{g E SMz o Expected 140
?% ] Excluded COF Run I
S 120 g; [I] Excluded LEP 190
8§ =
-—;100%9 100
= / -

10
tan(p) -

Y 4

Fa >
|
nY
~

at 95% C.L.
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Top Decays g_E.)
Y

Does the top quark decay to other quarks than b quarks?
compare event rates with O (CDF only), 1, and 2 b-tagged jets

Note: Cannot measure In top decays:

single top production: SM cross-section !

+ sensitivity to new physics...
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Concentrate on s and t channel production (t+w not feasible at the Tevatron)

Expected event topology: (only consider leptonic W decays)

, One energetic b jet

t-channel: other b jet at large
additional light quark jet

Reconstruction of Single Top Events (I)

top decay products: lepton,

s-channel: another energetic b jet , low

q
q t q —~ ~d q
w
VW t
W 24pb
b
b —~ —t g
q 0.9 pb b o
3 — lepton i — lepton
= | — b from top — b from top
— b — other b - other b: — other b
1 - low p — light quark

normalised entries

3 2 1 0

normalised entries

12 3.4 5

pseudorapidity

Challenge: large W+jets background
Les Rencontres de Physique de la Vallée d'Aoste, 27. 2. - 5. 3. 2005
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Reconstruction of Single Top Events (ll) !

LAY

Selection of single top events at DA/CDF:

Events / 15 GeV

Frank Fiedler,

energetic isolated charged lepton, veto
missing transverse energy
214 | 2 jets, at least one b-tagged jet
cut / reconstructed top mass:
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 %}

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 2.4 pb:
corresponds to need more integrated luminosity

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

expect to see (SM) single top production with a few
(...hope to nd new physics...)

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



ol il
Conclusions ",‘}
I

Top physics at Tevatron Run II:

cross-section measured in many channels: consistent with SM
—> next steps: work on systematic errors (jet energy scale!)
combination of channels

more  measurements :

differential cross-sections, W helicity measurements,

search for rare top decays

—> great potential with increasing data samples

Single top production ( ):

Run Il limits surpass Run| results

looking forward to more data, and:

—> 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 ,,)
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/ 4 e A
11: A4, pat 4, 4 A ] . 4 : N a 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,

aplanarity,

minimum di-jet mass,

maximum jet rapidity,

minimum di-jet separation,

sum of jet transverse energies excluding the two leading jets,

sum of jet longitudinal momenta divided by sum of jet transverse energies,
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Lepton+Jets, D@ Topological Selection

normalised momentum tensor ——, eigenvalues: :

sphericity:
aplanarity:
. measures event centrality
:scalarjet  sum, excluding leading jet
. scalar sum of jet, lepton, and neutrino
: measure of minimum relative jet
take the minimum dijet separation, multiply by the smaller of the two jet values
divide by to reduce jet energy scale dependence
tends to have small values for main background
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Lepton+Jets, CDF Double Vertex B-Tag Analyses

regular secondary vertex b-tag

CDF Il preliminary

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

Number of Double tagged events

N =
w
w
~

|

[ mistags

0 Whb

[ Wec

| Wz

[ Single top
[] ttbar (6.7pb)
[] TotPred.+1s
e Data(162pb’)

Number of jets in W+jets

Frank Fiedler, LMU Miinchen

,and 3 jets

: _ iﬁw
‘%)

loose secondary vertex b'tiwz
CDF Runll Preliminary (162 pb ™)
18F . Single Top
. 161 [ Jwob
*GC-)' 14;_ —+— [ Jwer
0 121 I aco
% 10:— |:| Mistags
Ic_lrs 8— | ]ti(6.7 pb)
o 6F —e—Data, 162 pb
g
5%
2
of

1 >=4

2 3
Number of Jets in W+Jets
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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
* Data (193 pb %) * Data (193 pb %)
14— [ Total SM + 1s = Total SM =+ 1s
1aF Il tt (s = 6.7 pb) = Il tt (s = 6.7 pb)
= ] SM background = ] SM background
CE o« af
g °E g E
N s °F
i =
2; 1;
05 ——Z6 4066 80 100 120 140 160 180 200 00: — Zoo " Zmo
leading lepton p E., GeV
CDF Il prelimina * Data (193 pb 1) CDEF Il prelimina “* Data (193 pb 1)

Total SM + 1s E Total SM + 1s
Bl tt (s = 6.7 pb) Bl tt (s = 6.7 pb)
[] SM background 5 [] SM background

Events
Events
w

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