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Outline

* Motivation
* Introduction to top production and decay

» Studies of Top quark pair production
and decay properties

— |s the SM correct?
— Model-dependent searches

» Studies of single top production
» Conclusions and Outlook
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Why study the Top Quark?

EPTONS

Predicted by the SM and Discovered in
1995 by CDF and DO

- m~170GeV vs m,~5 GeV
Top-Higgs Yukawa coupling ~ 1
* may help identify the mechanism of
EWSB and mass generation.

* may serve as a window to new physics
that might couple preferentially to top.

Until Tevatron Run I, we knew very little
about top

 Indirect constraints from low energy
data, or statistically limited direct
measurements from Tevatron Run |

* Plenty of room for new Physics

* Run Il has opened the era of precision
top measurements & stringent tests of

the SM.
C. Gerber (UIC)
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Them Fermilab Tevatron

* Highest-energy accelerator
currently in operation

— only place where Top quarks
have been produced

« Data delivered ~5fb1

— expect to reach 6.5 fb-! by the
end of FY09, 9 fb-! by the end
of FY10 (delivered)

| Bezh

Run | Run lla Run IIb ;E " Riosat 7 -
Bunches in Turn 6 x6 36 x 36 36 x36 E T
Vs (TeV) 1.8 1.96 1.96 § : o e
Peak L (cms) 1.6 x1030 9 x10% 3 x1032 8
| Ldt (pb-'/week) 3 17 50 £ 1
Bunch crossing (ns) 3500 396 396 .
Interactions/ crossing 2.5 2.3 8 o
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Results based on ~3fb-!
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Top quark Pair Production & Decay

« Top quarks are mainly produced in

pairs, via the strong interaction

t

0,=6.810.6 pb (Kidonakis, Vogt)

q g 9 t
04=6.7+0.7-0.9 pb (Cacciari et al.) £ n ] 0’0 ~15%

~85%

* m,>my + m, = dominant 2-body decay t >Wb
« I'SMx1.4GeVatm, =175 GeV
— Top decays before top-flavored hadrons or tt-quarkonium bound states

can form

— Top spin and kinematics is transferred to the final state

]

IR . .
b-jet S - b-jet
// O bejet g
%
e,u jet jet
Dilepton Lepton+jets All-hadronic
(BR~5%, low bckg) (BR~30%, moderate bckg) (BR~45%, huge bckg)
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CDF Run Il Preliminary'

July 2008

Top pair Prod. x-section

" [ Cacciari et al.. arXiv:0804.2800 (2008) A 2 * = o
Kidonakis & Viogt, arXiv:0805.3844 (2008) Assume m,=175 GeVie DQ Ru n " preliminary AUQUSt 2008
[0 Moch & Uwer, arXiv:0807.2794 (2008) —
. @ ; ; *
I+jets & dilepton & tautlepton

Lepton*Track 8.3+1.3+0.7+0.5 Jjets & dilep P HeH 7.83 10461064 o oly

(L=1.11b ) 1.0fb
. ® I+jets i
Lepton+Track: Vertex ta JetS (b-tagged & topological, PRL) H®H 7.42 +0.53 :0.46 :0.45 pb

ey 9 10.1+1.8+1.1:0.6 0.8 fr P
. —SHe I+jets (neural network b-tagged)* 8.20 *0-52 +0.77 b
Dilepton He-+ eV 950 -0.66 2050 P
X e L dilepton (topological)” e y +1.12+0.78
Lepton+Jets; Kinematic ANN ol 6.8+0.4+0 6+0.4 10" 7.03 _ 04 059 2043 PP

(L=28fb )  domdd 00 T T T Tt ’
' dit i I+track (b-tagged)* —e—bt 5.0 16 09 .05 ph
Lepton+Jets; Vertex Tag 7 2+0.4+0 5+0.4 1.0 —14 038

(L=27f )y Ay 00 T 0 T T .
' o tautlepton (b-tagged) I o 7.32 ilgj jgg +045pb
Lepton-+Jets; Soft Electron T& 7 842 441 540.5 2.2f57" '

(L=2.01b) o tau+jets (b-tagged)* I ° I 51 ig:; ig; 03 pb
'Lepton-i-Jets_% Soft Muon Tag % 8.7+1.1+0.9+0.5 0;4 b~ ' ‘

(L=2.0fb ) q aglte::_1(b-tagged, PRD) | o—H 4.5 ﬁ,g :H 203 pb
Mﬁlzdﬁf}gﬁm Tag 6.1+:1.2 375+0.4 (stat) (syst) (lumi)

@ _ . M. Cacciari et al., arXiv:0804.2800

All-hadronic: Vertex Tag 813+1.0 J_,"f-gio_ 5 m"’"ﬂgfgx N. Kidonakis &nd R Vogt, arXiv:0805.3844

(L=1.01) w ’ ' S. Moch and P. Uwer, arXiv:0804.1476
N . i i Lot L _I [ [
CDF combined

(stat)x(syst)x(lumi)
| | | | | | | | G (pp — tt) [pb]
0 2 4 6 8 10 12 14
— - i 2
s(pp — tf) (pb) Test of pQCD at hlgh Q

Experimental uncertainties reaching precision in theoretical prediction.
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DO Run 11 0.9 fb™

Top quark Properties

—h
]
[T |o

=Y
O ©O© N
o o o

w
(= N~ )

Number of Events

—

—e— data (=2 b-tags)

tt signal
I bkg with leptons

2 b-tags I+j I bkg w/o leptons

2 3 >4
Jet Multiplicity

. 1b-tag dileptons

20r

151

10F
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CDF Il Preliminary 2.8 fb™

50 100 150 200

data ]
Entries 80 |1

.........

250 300
dilepton invariant mass, Ge v/c?

b-tagging provides pure sample of top
quarks for properties measurements

W helicity

Top Mass

cross-section ; -
CP violation

)
\ e LA I+ Anomalous
Production Top Spin / Couplings
W

Top Charge

Resonant

production > P

Production

kinematics
Top Spin
Polarization TJ t\% q
/
Rare/non SM Decays
Branching Ratios N q ’
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Top Quark Pair Production Mechanisms

CDF Run Il Preliminary (2 fb"}

2 5 Gluon Fusion Fraction
o r === qqg+gg + BG ]
> [ 599+ BG : .
@ 30 fsesimcgouns ; Extracted from a fit to the
5| | ; azimuthal correlation between
20| . .
: A leptons (dilepton events)
15 | b \‘Q\\\\:§ %\ 0.36
T Fog=053:5% SM(pred)=0.15+005
‘ A
°t Uncertainty dominated by statistics
%0 o5 1 15 2 25 3
A¢ [rad] 2 [ o D@, L=2.1fb" -+ Data
5100_— > Brelimi []z(650 GeV)
Search for ttbar resonances 3.0 % Y mg
%80: o Single top
Study invariant mass 460 3 o
spectrum of I+j events - [ o,
B Multijet
. 20
No evidence for narrow :

I I % 200 400 600 800 1000 1200
resonance decaying into ttbar o, [GoV]



CDF Preliminary (JLdt = 1.9 fb'1)
Assumes m; = 175 GeV/c2

Matrix Element:

|-|—.—|-|

(fix f+=0.0) f =0.64-0.08 —0.07

Cos 6* Unfolding:
®

£,=0.15-0.10-0.04 £,=0.38 -0.21-0.07
£ £

o~ _
f,=0.01-0.05-0.03 (fix £0=0.7)
= =

. -——.——-
(fixfr=00) £ =0.66—0.10—0.06
% Cos 6* Template: %
—— &
£.=-0.03-0.07-0.03 £,=0.65-0.19-0.03
z z
e (fix £0=0.7)
f+=-(;.04—0.04 —0.03 .
-—.—-

(fix £+=0.0) £,=0.59-0.11-0.04

0 0.2 0.4 0.6 0.8
W-Helicity Fraction from Top Decay

1

cosO* used
as sensitive b <———
observable

Decay Properties: W Helicity

W+

2-parameter fit for fraction of
longitudinal (f,) and right-handed (f,)
polarized W bosons in top decays

02k

DO Run Il Preliminary

L=22-27f"

| f, =0.490+0.106 £0.085

f =0.110+0.059+0.052

-,
I..‘

-0.2

pa o s 1y 1 ] L
0 02 04 06 038 1 1.2

f,

Statistically limited: consistent at the
23% level with the SM prediction.
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Search for non SM Decays
« Measure absolute rate of |+ events with 2 b-

tagged jets and compare to theory

e Can set upper limits to non-SM decay modes
B(t—X), with X any state with different acceptance

than W.

CDF Run Il Preliminary

Top Cross Section: Double Loose SECVTX Tag ([ #dr = 1.9tb™")

Sample 2 Jets 3 Jets 4 Jets =5 Jets

Ww 0.540.1 0.540.1 0.240.0 0.1+0.0
WZ 2.6+0.3 0.840.1 0.240.0 0.0+0.0
ZZ 0.1+0.0 0.0+£0.0 0.04+0.0 0.0+0.0
Single Top (s) 84+1.2 2.840.4 0.740.1 0.1+0.0
Single Top (1) 2.04+0.3 1.840.2 0.540.1 0.1+0.0
Z+LF L.1+0.2 0.740.1 0.240.0 0.1+0.0
Whb 33.94+13.3 10.64+4.3 2.0+09 0.5+0.2
Wee/We 6.1+£2.5 27411 0.74+0.3 0.240.1
Mistags 4.3+1.0 2.64+0.7 0.740.2 0.2+0.1
Non-W 27+1.9 0.841.5 05415 0.2+1.5
Total Background 61.6+16.6 234473 57433 L4+1.7

SM 17 (8.8 pb 32.945.2

90.2+14.1 11374176 41.1+6.3

LCWS08
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Br(t-Zc)<13%
Br(t—-gc)<12%

Br(t-yc)<11%
Br(t—invisible)<9%

(M(top)=175GeV)
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Tevatron Top Quark Mass
Best Independent Measurements (* = preliminary)

CDF-l dileptons
D@-l dileptons
CDF-ll dileptons *
D@-ll dileptons *
CDF-l lepton+jets

DGl lepton+jets

CDF-Il lepton+jets *
D@-lla lepton+jets *
D@-llb lepton+jets *

CDF-l alljets

3

167.4 = 1 t 4.9
168.4 £ 123 = 3.6
2 27 29

1744 = 3.2 = 21

1801 £ 3.9 + 3.6
1722 £ 1.0 * 13
1715 £ 156 15
173.0 £ 13 = 1.7

186.0 = 10.0 £ 5.7

CDF-ll alljets * —eo— 176.9 + 26 * 3.3
%2 1 dof = 6.9/ 11.0 (81%)
Tevatron Average * < 172.4 £ 0.7 £ 1.0 GeV
1 1 L |
August 2008 160 170 180 190

LCWS08

Top Quark Mass [GeV]

Top quark Mass

Best results (errors ~ 1%)

/obtained by ME Method:

- Event by event weight
calculated according to quality
of agreement with SM top and
background differential cross-
sections

- Product of all event
probabilities gives the most
likely mass

- JES constrained in-situ by the
hadronic decay of the W-jj

Dominated by systematics

M(top)=172.4£0.7£1.0 GeV

C. Gerber (UIC) 11



Top Mass from x-section

D@ Run-Il, 0.9 fb™

section (pb)
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DO |+jets 900 pb™

68% CL contour

erage top quark mass
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M(top)=169.1£6.5 GeV

LCWS08

Moch & Uwer NNLO (2008)

Assuming that production is
governed by the SM, Top
guark mass can be extracted
comparing the measured x-
sec with theory

Measurement has different
experimental and theoretical
uncertainties than direct
measurements.

Results between two
methods are In
agreement
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SM Constraints on the Higgs

I I I | I UL I I | L I I I I | L
6 20 My = 154 GeV 80.70 I experimental errors 90% CL: _
i B s ] LEP2/Tevatron (today)
5- t 4 At g = N i Tevatron/LHC i
: 1 —0.02758+0.00035 = |
O 8060~ —— |Lc/Gigaz i
T 3 % - 0.02749+0.00012 i —ignt8USY|
4_ [ "'inCLlOWQQdata _ _ » rai e
. E 80.50 — e MSSMI
N P H
X 3+ — - -
=
< ] = g
5 80.40— .
1- - 80.30 |
SM [T
Excluded & Prelimina MSSM
0 * 3 SR p—
—— . oth models EEE=
30 100 300 80.20F _ - ]
| Hellnemeyer, Hollik, IStocKlnger, Weblr:er, Weiglein '08_

m,, [GeV] 160 165 170 175 180 185

m,, =84 +3 GeV M
Light Higgs preferred by the
m, <154 GeV @ 95%C.L. SM with latest top and W mass

m, >114 GeV(dir
H Ge (d eCt) Plots from LEP/TEV EW working group
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* |+] events with 2 b- jets

» Use kinematic fit to select the H*
candidate jets & plot jet pair mass

CDF Run Il Preliminary [2.2fb'1]

o
W

........ Observed @ 95%, C.L.
: : — SMexpected @ 95% C.L.

S
"N

ﬁlllll|IIII|IIII|IIII|IIII|II

........ I:I 68% of SM @ 95% C.L.
: |:| 95% of SM @ 95% C.L.

ot
[

Bt - H biwithall/{" -7

'ﬂ.z ........................................................

0.1 ........ ........... : - e
MSSM at low tan B < 1

% 90 100 110 120 130 140 150 160

M(// )[GeVic?]

No evidence for
charged Higgs

LCWS08

 Measure tt rates in different channels

* H+ production would result in
enhancements in the Tauonic and
Hadronic channels

DA Run Il Preliminary
- H' >cs H'—>1tv
Expected limit 95% CL Expected limit 95% CL

Excluded 95% CL Excluded 95% CL

M. [GeV]
&
o

IIIJI|II

160

= :\\ . tauonic
=\ leptophobic
120550 5 \
:k_ \\
1005 ~1fb-1
: X2 o ‘\ ,l
g0 il 1 M
1 10

tan



ttH-ttbb

I+2=4 (=3 b-tags)
Study H; vs exclusive jet
and b-jet multiplicities

103?III|IIIIII[Illllllllll|IIIIIIIIIWIIII|IITIXIII‘V:
- D@ Preliminary
- ttH - ttbb
s - 21fb!
n
© 102 E
— B
2
Te]
(2]
o)

10— Expected limit

" — Observed limit

i ST T T T R T O MW FY T R T TR I DT
105 110 115120125 130 135 140145 150155
Higgs Mass (GeV)

No Hint of associated Higgs
production or any other
BSM process was found

LCWS08

Heavy t'-Wq in |+
events (no b-tag)

Fit reconstructed top mass
and total transverse energy
to t'+backgrounds (t, W, gcd)

) . )
| CDF Run 2 (2.8 fb")
".E L Preliminary
— ; t—Wq, = 4 jets
i& r Hy vs Mieco
¢
0.1 - range of observed

expected 95% CL
upper limits

theoretical prediction

Bonciani et al.
L M [ ]

1 L L
200 300 400 500
t' mass (GeV/c?)

M(t)>311 GeV @ 95%CL
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Single Top Production

« Experimentally challenging dueto ¢ t T
large W+jets background in lower we \:g
jet multiplicities than pair S ;
production 7 5 ; M MMMMMM
-
CDF Run Il Preliminary, L=2.2fb" s-channel t-channel
| ~ | “pe==] [0=0.88+0.11pb | 0 =1.98 £ 0.25 pb
3000 [ signal R |
E 7 -W+caarm : . . .
S mwan || e Simple counting experiment
LEIQOOO 7 Em ! cannot extract the signal from the
g coroma || overwhelming background
%000 — Need advanced techniques
© — Multiple methods per

experiment
» Serve as cross check
« Combination adds power

W+1jet W+2jets W+3jets W +4jets

LCWSO08 C. Gerber (UIC) 16



Evidence for single top production

CDF and D@ tb+tgb Cross Section

Signal Significance Cross Section SDF Decision Trees 24109 o
Expected Observed Measured COF Matrix Elements 27798 pp
g?I;bljeural Networks o 21 igé pb
\
l ‘ 2(‘3.[7)I:bI:ikt-:-Iihood Funcs. : 20 tg:g pb
|
221" preliminary 22757 pb
0D(g fg_gcision Trees 49 j .: ob
| ‘ ggpgftrix Elements 48 ﬂi ob
gfgfigyesian NNs 44 j:i ob
gsDCombination 4.7 112 pb
|
Same final state as WH I N. Kidonakis, PRD 74, 114082 (2006) miop = 175 GeV
10 Z Sullivan, PRU‘ 70, 114042 (2004)
I |

|
July 2008 0 5 10
o (pp — th+X, tgb+X) [pb]

LCWSO08 C. Gerber (UIC) 17



Search for H+ with M,*>M,

H*—tb same final state N v A f
as s-channel single top M

but with enhanced rate S N -
and resonance in M(Wjj) D

%' 195 @ Excluded region 2HDM Type |
E e+u.-, 2:;5(; ‘; +:)-l1)-tags ‘«'-,2;,: se0l I:l s:l?(llotlll wl;e;c; Zr;a\:’;fﬁls is not
(2] ) =
v I tb + tgb
w + jets
! ﬁ*ﬂt:;jgt; V) x 50 180 - \\\\\\\\\
eV x D@ 0.9 fi’

0_ —) n S5 andn nmy Y VEEET TN
100 200 300 400 500 600 700

----- H'(240 GeV) x 50 o N PSS [
4 == H'(300 GeV) x 50

No evidence for charged

M(jet1,jet2,W) [GeV] H iggs production

LCWS08
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FCNC in single top production

Model-independent search:

u b
effective theory contains FC \gt_
operators in the Lagrangian s t I*
b
NN distinguishes between AA’
anomalous single-top-quark and v

background events Observe no significant

Candidate Events

Waildet 1Tag  CDF ll Preliminary 2.2 fb™' _ excess In collision data.
i 50
300} S .
: - +4,0 4|2 Set upper limits on the
200" 20 E_L anomalous coupling
8 parameters:
S
S -1
5 thu//\<0 .018TeV
thC//\<O.069TeV'1

NN Output
LCWS08 C. Gerber (UIC) 19



Constraints on Wtb Couplings

* Anomalous couplings can 80F -
. . . —_ - DG 0.9fb —®- data
change angular distributions = 700 fh(=1)
. . . . O 60F bk
and event kinematics in single & _t +H —
top events. fa 4T+ R
E 30;_ tun + h f;‘
* Most general, lowest 3 20 Fes.thd'

. . . > = o >
dimension, CP conserving “c’b ...
Lagrangian for the Wtb vertex ** charged Lepton p, [GeV]

E T L R
’E:_W b'}/‘u f P +f P ! CEnATio ‘ross Section uplin
‘/5 ﬂ ( - | R) ?LuLu} C4.4_'§:‘-: pb ff’2=%42':12g
g - ( L R ) i (L1, By) 5,220 ph E?ii?gﬁt“ﬂﬂ o
— dW ba" (fy P+ 1, P )t+hc. b1, s >2as P N
am, - (L1, Rs) 4533 pb e e o
A% = 03 at 95%% CL.
InSM: f"=|V,| =L f* = £t = f£=0 -

 Look at two couplings at
the time, assuming the

Other tWO are neg“glble C. Gerber (UIC)

Data favor the left-handed
vector hypothesis.
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Conclusions

D@ and CDF are running better than ever
— Data taking efficiencies ~ 90%
— Fast turn-around from data-taking to physics results
— Rate of publications consistently growing

* Precision and variety of top quark properties
measurements keep increasing
— No evidence of non-SM phenomena so far

* We are enthusiastic about the physics
through the end of the decade (and
beyond!)

LCWSO08 C. Gerber (UIC) 21



CDF -

DO -

LCWS08

For the latest measurements
and discoveries

C. Gerber (UIC)
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