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The Top Quark

> needed as isospin partner of
bottom quark

- * discovered in 1995 by CDF and D@:
£a)m,,, ~ gold atom

» large coupling to Higgs boson ~ 1:
important role in electroweak
symmetry breaking?

> short lifetime: T~ 5 -10s < A _:

.
decays before fragmenting
= observe “naked” quark
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Phase |: Discovery
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Phase Il: Precision Measurements

Z boson top quark

— Z — hadrons Best Tevatron Run Il (preliminary, March 2007)
"g 2v
— i —e—
| All-Jets: CDF
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Phase Ill: Searches for new physics

Z boson top quark

vector and axial vector couplings of

Z' boson to leptons \ | ? g
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Top Quark Analyses at the Tevatron

> i [ <

Run |: top quark discovery (~125pb™) Run ll: with high precision answer...
@ fs it really the particle expected in the SM?

q q anomalous couplings

rare decays
branching ratios

b \\W‘ CKM- Matrix-Element |V, |
\.

spin correlations

charge asymmetry Mass, charge,

A width, lifetime
FB s S
+ .
production cross-section 0. W W helicity
production kinematics q'
. v
production through resonances o)
new particles qr
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Top Quark Analyses at the Tevatron

E 1 fb! g

Run |: top quark discovery (~125pb™) Run ll: with high precision answer...
@ fs it really the particle expected in the SM?

q q anomalous couplings

rare decays
\f branching ratios <
b Xw- CKM- Matrix-Element [V,,| _
\.

spin correlations

charge asymmetry Mass, charge,

width, lifetime
/ AFB —
+ = .
mmmm) production cross-section 0. W W helicity

production kinematics q'
production through resonances o)
mmmm)) new particles \ qr
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Top Quark Pair Production

q t
>_'u_w_u,< 85% |
q T

t g t g t

tg tg t
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Top Antitop Signatures

> top decay:

~100% V. 4

> reconstruct and identify:
electrons, muons, jets,

b-jets and missing
transverse energy

TS tt decay modes
14%

on + jets

I
lept

E—M

all jet
46%

all hadronic

lepton + jets

dilepton (el|.|)
6%

+ e/u + jet

/ 34%

\IANH.E TER

20.07.2007 Searches for New Physics in Top Pair Production - Christian Schwanenberger - Wine@Cheese, Fermilab 9 w


mailto:Wine@Cheese

Top pair production cross section in the SM
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Top anti-top signatures

background

signal W + jets

multijets
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Event Selection in Lepton+]ets

e () isolated, p. > 20 GeV,
Ini< 1.1 (2.0), minimum Acb'
no other high p_lepton T~ /
N\
D < ~—_

missing E_> 20 (25) GeV
> for e (u)+jets

at least 4 jets, v
p.> 20 GeV,

Inl< 2.5

=1

>0 $— 0,1o0r2 jets
b-tagged
(Neural

Network)
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Typical p+jets Event

mip signal
in calorimeter

s
y 4
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Lepton+]ets Topological Cross Section

no b-tag — less model dependent
- kinematic properties allow

separation between signal and
background

use as variables:

energy-dependent quantities:
- e.g. H_(scalar sum of p_ of 4 leading jets)

angular dependenit:
* e.g. aplanarity

‘ Discriminant function:

H S i=1,..,5 (6) e (W) +jets
S = |str|but|on
H "‘Hl B, B = Wijjjj-distribution

Aplanarity
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Lepton+]ets Topological Cross Section

D@ Runll Preliminary 900 pb”  KS =0.855 = DATA715

2 F B i 004

@ |

2100 ‘ ] Wa+Jets 403
- [7] Multijet 88

top pair

7

/ % 01 02 03 04 05 06 07 08 09 1
Likelihood Discriminant

multijets

o = 63+§: (stat) = 0.7 (syst) = 0.4 (lumi) pb ]

tt
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b-tagging

> B hadrons lifetime T~ 1 ps
> B hadrons travel ny ~1 mm

before decay

Secondary vix

!

Primary vix

displaced track

Tagger
—+ NN

b-Jet Efficiency (%)

0 2 4 6 8 10
Fake Rate (%)

> explicitly reconstruct 3D vertices

> use properties from displaced tracks
to form a 7-variable neural network

* improvements of up to 50%

» ttbar event tagging efficiency 54%
(with fake rate of 1%)
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Lepton+jets cross section with b-tagging

1 b tag: >2 b tags: L=900pb™

D@ Runll Preliminary E—— I 100 D@ Runll Preliminary
1200 B i - +jets (8.3)pb i
B it - 11 (8.3)pb _ -
Bl single top 80— N Q -
1000 o Wee i
B Wbb n
Wi 60
- =
0 Multi-jet 40'_
201

1Jet 2Jets 3Jets >4Jets 1Jet 2Jets 3Jets >4Jets

[Gu = 837" (sta) ")) (syst) = 0.5 (lumi) pb] top pair
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Search for resonances
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Search for tt Production via New Resonances

Harris, Hill, Parke, hep-ph/9911288

> no resonance production in ttbar
system is expected in SM

> some models predict ttbar bound states:
large top mass can be generated
through dynamical ttbar condensate X
formed by new strong gauge force
coupling to 3" generation

* @.g. topcolor assisted technicolor
predicts leptophobic Z' with strong 3™
generation coupling

> experimental check: search for bumps
in ttbar reconstructed mass spectrum

» sufficiently narrow so that width is
dominated by detector effects
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Reconstruction of tt invariant mass

lepton momentum ' invariant W mass:
— - \ z component of v

V
/ b N Q \
momenta of I D p missing
4 leading jets > - LJ

\ -
B

D) I

)

G " v 0 e better sensitivity for high

b mass resolutions than
v former constrained
kinematic fit technique

Weiey  20.07.2007 Searches for New Physics in Top Pair Production - Christian Schwanenberger - Wine@Cheese, Fermilab 20 w



mailto:Wine@Cheese

Event Selection in Lepton+]ets
e () isolated, p_> 20 GeV,
Inl< 1.1 (2.0),

minimum Ad I
no other high p_lepton T~ g /

QJ Jlﬁ w\

at least 4 jets, Pl -

p,> 20 cév, D B missing E_> 20 (25) GeV
Inl< 2.5, - for e (u)+jets

one jet p_> 40 GeV

. ﬂ : E

o= C] 2
\ ~ ©%, 0 $——  atleast1 jet
N b-tagged

(Neural
Network)
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Results for e, p + jets combined
top pair and signal: data and SM:

SM: use ttbar cross section
\ 6.77 = 0.60 pb (NLO+resummations)
DQ'Run Il Preliminary _ D@ Run Il Preliminary

%0'1 o % - .4 - 197.0data
o o 35 L =0.9 fb" [ 10.84 Zprime750
§).14— 2 — =14a .56 thijet
B ° = 5.80 il
%12: . T M = 650 GeV o 30— g;ﬁvzz
. — =] B .
& C + + 4 I3 1.00 WW
e C + % 25 2.35 thq
0.1— * - B 1.09tb
- o4 - 3.58 Z+jets
B + 201 [ 9.20 Wbb
0.08 M + - I 5.01 Wee
- + 1 C [ 3.90 Wip
- 6.27 Multijet
0.06 + 15 - [ | ultije
- - - + 10}
0.041 . N :
C + - -
0.02— - + - + 5 n
0 - 1 L | [ »--—1—'-.-1 1 L L | L _.-J_\_|""—|-::"' — ey 00: 'i‘- | I TR
0 200 400 600 800 1 000 1200 1000 1200
M, [GeV] M; [GeV]

= e, U + jets combined: 197 events, 187 expected
= binned Likelihood fit to get upper limit
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Limits for e, p +

jets combined

4 DO Run Il Preliminary
Re C
E 35 Z_ ® QObserved Limit 95% CL
E E e Expected Limit 95% CL
3 35 — Topcolor Z' (CTEQ6L1)
o} C
2.5 ]
E L =0.9 fb™
21—
: [, =0012M,
1.5
1=
05
- | |

=T
o

1 11 | L1 1 1 L1 1 1 | | I 1
400 500 600 " 0%

= M, > 680 GeV

1 | | 1 | | 1 | 1 | 1 1
800 900 1000 1100
M, [GeV]

expected: M, > 740 GeV
CDF: M, > 725 GeV
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First measurement of charge asymmetry
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Forward backward asymmetry

W+
D 00 0 00

(o |

q t q
/ w i

Ay =y — Yz |
NAy>O . NAy<O

— NAy>O un NAy<O

Aty

ey 20.07.2007 Searches for New Physics in Top Pair Production - Christian Schwanenberger - Wine@Cheese, Fermilab 25 w


mailto:Wine@Cheese

Charge asymmetry in SM

> no asymmetry in O(c ?)

- asymmetry in O(«x °)

interference between:
q —-—6666606y——t

Y A

q —<49000000 4t

interference between:

q t

> 1{3 -
CCEH0

q t

q t
0660001
q t
q t
60>
0000600¢
q t
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Measurement of charge asymmetry

kinematic reconstruction b

q \;
t

W+

D 0L 0O 0O Q0 I; @ tag

q t q
/ w i

Ay =y — Yz |
NAy>O . NAy<O

— NAy>O un NAy<O

Aty
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Top pair reconstruction

12 jet-parton invariant mass
assignments: o m,=80.4 GeV
constrained \ (2 v solutions)
kinematic fit
lowest x?

b-tag I E ‘ ‘\\

ool m, = 175 GeV I
mass constraint
invariant mass \f :
m,=80.4 GeV
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Top pair reconstruction

12 jet-parton invariant mass
assignments: (@ m,=80.4 GeV
constrained \ (2 v solutions)
kinematic fit
lowest x?

b-tag I E ‘ ‘\\

ool m, = 175 GeV I
mass constraint
invariant mass \f :
m,=80.4 GeV
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Charge asymmetry in SM

o 015
< -
I MC@NLO
0.1 ‘e |
:|+|§| |+T,I,I.'. b
I : ] ® : 5
oosF 1T T
= AEFRIN S
A ST 000 RO TN RO SR
I ' S B A
R | ? T | T
0.05 _ | | ot
P P AR AR SRR AL B
10 20 30 40 50 60 70

4th jet p_ [GeV]

> acceptance effects can be approximated by simple parton
level cuts without changing asymmetry by more than 2%
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Event Selection in Lepton+]ets

e (p) isolated, p_> 15 (18) GeV,

Inl< 1.1 (2.0),
no other high p_lepton

at least 4 jets, 7

p, > 20 GeV, D missing E_> 15 GeV
Inl< 2.5, for e (u)+jets

one jet p_> 35 GeV

. q : :
o= C] 2
\ 8 at least 1 jet
| b-tagged

5) (Neural
Network)
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Asymmetry Reconstruction

misreconstruction of Ay dilutes observed asymmetry:

° misreconstruction of event geometry Ay = — YT
> misidentification of lepton charge Y Yt Yt

How good are we? NAY>0 _ prAy<O0
P: is probability to reconstruct A

correct sign of Ay T NAY>0 L NAy<0
Lo B

- DC ? reliminarv b
o OQ_D@RunIIPreIImmarvab ,,,,,,,, T
N 0.8 ............... .............. ........ ............... .....

0.7E
0.6F

0.5; . * correction is very model
0.4¢ — nominal

oo/ _"emnal || dependent and may kil

7 B B sensitivity to asymmetry
0xg o1/ due to new physics...
O 02 04 06 08 1 12 14 16 18 2

1A Y gen!

= no correction, but we provide parameterization
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Top anti-top signatures

Apy=(3.0£1.9)% o

(due to top pair
reconstruction)
but smaller yield

background

signal
q
W + jets
q
MC@NLO: 3 )
A, = (0.8 0.2 (stat) = 1.0 (accept) ) % g a q
multijets G g A =0
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Asymmetry extraction

> maximum Likelihood fit:
extract sample composition and asymmetry simultaneously

Ay=y—yr >0 Ay=y —y; <0

2 20 =T 149226 Top Pair D@ Run Il Preliminary 2 20F™ S 11626 Top Pair D@ Run Il Preliminary
g 18- | mmm 38:11 Wiets oo’ g 18F | ) 36410 W+ets 09" |
w 16 [ 21+ 3 Multijet I w 165 | 19+ 3 Multijet :
14 * 208 Data _ 14 * 171 Data 5 : . |
2 1 T e e
10 \ o 10 ’ D I A H
6 |' { | 1] | s Il LT ol '
. . : _ : : _
2 2
t)0 01 02 03 04 05 06 07 08 09 1 DO 01 02 03 04 05 06 07 08 09 1

D D
°> top pair production cross sections consistent

> asymmetry in W+jets enriched sample consistent
[Afb = (12 + 8 (stat) £ 1 (syst) ) % ]
consistent with prediction in NLO QCD
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Asymmetry due to leptophobic Z'

not restricted to narrow resonance:
complementary information b

V-A

1— -
{Hr’ > — sin? %&r“} q

€

_isin Fe cOs Sy

F < 0.44 (expected)
F < 0.81 (observed)
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Search for stop pair production
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r

Particles

Aix

Supersynunetnc
‘shadow " partlcl

Supersymmetry

Mame |Spin Superpartner [Spin
Electron | 1/2 Selectron §
Muon f 2 Smuon i
Tau 1/2 Stau 0
Meutrino | 1/2 Sneutrino g
Quark Squark 0

Mame |Spin Superpartner Spin
Graviton | 2 Gravitino 3/2
Photon 1 Photino 5
Gluon 1 Gluino 1/2
W 1 Wino ™" 1/2
Z0 1 Zino 1/2
Higgs 8] Higgsino L2
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Supersymmetry

s large top quark mass: large
mixing between left- and right-
handed superpartners

» L, can be lightest squark, lighter

than top quark

> electroweak baryogenesis possible
in such a scenario

> we haven't looked at it before...

Mame |Spin Superpartner [Spin
Electron | 1/2 Selectron §
Muon f 2 Smuon i
Tau 1/2 Stau 0
Meutrino | 1/2 g
Quark 0

stop quark

Mame |Spin Superpartner Spin
Graviton | 2 Gravitino 3/2
Photon 1 Photino 5
Gluon 1 Gluino 1/2
W 1 Wino™ 1/2
Z0 1 Zino 1/2
Higgsino L2

(LSP)
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Stop pair production vs. top pair production

2 light jets
°2 b jets

> one charged lepton

® missing transverse energy
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Event Selection in Lepton+]ets

e () isolated, p. > 20 GeV,

Inl< 1.1 (2.0), minimum Acb'

no other high p_lepton

at least 4 jets,

p.> 15 GtJeV missing E_> 20 (25) GeV
T ) :

Inl< 2.5, for e (U)+jets

one jet p_> 40 GeV

at least 1 jet
' b-tagged

9° (Neural

Network)
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Stop pair production vs. top pair production

O "%20""20 60 80 100 920 140 160 180 200

missing E_[GeV]

Q|

= no cut based separation possible
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Stop pair production vs. top pair production

W+jets a T, /</ X,

Hitfit recon§iructed tonp 1 mass

— Stop
j —Top
—W-+jets

'
\ -

Preliminary ~ L3 b t+
t

Q|

0.2
.18}
+0.16f
0.14f
0.12f

0.1
0.08f
0.06f
0.04f
0.02}

ntries

of

Locleo bbb b
2%
§I'-

Ll o

i

aEd

. L L L | L L 1 L ] Il I I Il | 1 L 1
0 50 100 150 200 250 300

Reconstructed top mass

qQ

= calculate topological Likelihood discriminant
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Likelihood discriminant in e+jets channel

——data

D@ Preliminary 913 pb' —stopx10
g B T 1 ‘ LI I T 1.1 1 I T 11 \_ .g :| TT | T TTT | T TTT | TTTT | T {1?.5;.135;
= 0.3 1 £ 5E D@ Preliminary =“wb§g
s f to — Stop 175/135 1 8 7F = ek
D.25F p _K,’p. 4 o s Wip
- —— W+jets ] - W Z+jets
u - o[- M singletop
0.2~ stop = - diboson
- : sl QeD
0.15 — - =
= ] 16— —
0.1 — F -
- | — . ] 10
0.05F - = .
:\ L1l I L1 1 1 I Ll 1 1 | L1 11 I | I I L1 1 1 ‘ L1 11 ‘ Ll 11 I | - I Ll 1 : L1 1 1 I Ll 1 1 I | I T TN T S S U T T N O Y N Y Y N N A T N N N B - |
% 01 02 03 04 05 06 07 08 09 1 % 01 02 03 04 05 0B 07 08 03
Likelihood discriminant Likelihood discriminant

= no indication for stop pair production
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Cross section limits for e,p+jets combined

use Likelihood discriminant to calculate limits
(Bayesian approach)

combined 95% C.L.

§,- | DQ Preliminary |
0 1o @ ® observed .
! m expected
10 A A theoretical 7
8 S R
5 . N
B [ |
i - - M y
2 -
i u
2a -
- A A A A A -

045/105 160/105 160/120 175/105 175/120 175/135
stop/chargino mass [GeV]

= limits are factor ~7-12 above MSSM prediction

20.07.2007 Searches for New Physics in Top Pair Production - Christian Schwanenberger - Wine@Cheese, Fermilab 44 w



mailto:Wine@Cheese

Search for new physics in top decays
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Event Selection in Lepton+]ets

e () isolated, p. > 20 GeV,
Ini< 1.1 (2.0), minimum Acb'
no other high p_lepton T g /

QJ Jlﬁ w\

at least 4 jets, v
p.> 20 GeV,

_  Mmissing E_> 20 (25) GeV
Inl< 2.5, P - P for e (U)+jets
one jet p_> 40 GeV

T~ =" J ,
~ ©%,, ¥—10,10r2 jets
" b-tagged

{:v (Neural
Network)

el 20.07.2007 Searches for New Physics in Top Pair Production - Christian Schwanenberger - Wine@Cheese, Fermilab 46 w


mailto:Wine@Cheese

Measurement of Branching Fractions

Vud Vus Vub |

R:B(tﬁWb) VCKM= Vcd Vcs Vcb

Standard Model: Bli=Wa) Via  Vis  Vib

v P R changes fractions of

i — =V [=1 b-tagged jets:
|th| +|Vts ‘|‘|th| f DO Runll Preliminary

unitarity of CKM matrix o
oz fond DL R=1

we assume: B(t—-Wq) =1
e.g. decay into 4™ generation

quark: R< 1 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
sensitive to b disappearance B(t—Wb)
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Binned Likelihood fit in e,u+jets channels
= 3 jets > 4 jets

DG Runll Preliminary D@ Runll Preliminary
£ 3000 @ 600
L * Data s F " Data
S ol Wi B tt(ljets) s o F B tt(ljets)
e +Jets B (1) 5 2000 top palr B (1))
B oL | 3L
= = diboson E 400E diboson
2 2000 ~ single top = . single top
B Z+jets B Z+jets
1500 =T 300 B Whb
" Wee
1000 = mcpc 200 Wi
B Multijet B Multijet
500 100

> >
Number of tagged jets Number of tagged jets
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Binned Likelihood fit in e,u+jets channels

= 3 jets > 4 jets
DG Runll Preliminary D@ Runll Preliminary
— «n 600
%30003 * Data e L . » Data
® = B tt(jjets) s _ Bl tt(ljets)
5 2500 w+J EtS B () = 500; top pal r B (1)
Ezooo d.i boson g 400 5 d'i poson
< single top z = smgle top
B Z+jets Z+jets
1500 300
B Wb = wbb
cc
1000 = mcc =il S Wip
=~ Tt" " B Multijet
500 Hllfz 100
° 0 1 >2 ’ 0 1 =2
+ + Number o ;gged jets + + Number of;gged jets
topological
discriminant

Maximize total Likelihood function simultaneously for
branching ratio R and top pair production cross section

Weimel  20.07.2007 Searches for New Physics in Top Pair Production - Christian Schwanenberger - Wine@Cheese, Fermilab 49 w



mailto:Wine@Cheese

Lepton+jets cross section in SM

M =175 GeV
top

w [crtt = 8.08:’;)_':25 (stat+syst) + 0.49 (lumi) pb] 12%

L=900 pb™

[crtt = 8.2 + 0.5 (stat) = 0.8 (syst) £ 0.5 (lumi) pb] 13%
L=1120 pb™

= combine results
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Simultaneous Measurement of o and R

DO Runll Preliminary L=0.9 fb'
9
= | CDF Run | 0.94 *0->1
°10- L=109 pb” —e— '
I CDF Run I 1.12 *0-27
i L=160 pb”’ —e— 0-23
8|_
- D@ Run Il 1.03 1013
] L=230 pb —e—i '
B o)
AL 95% C.L. DO Run Il preliminary 0.991*0:0%4
. 68% C.L. L=900 pb’” re- '
T T e v b ey by
0.8 0.9 1 1.1 1.2 -0.5 0 0.5 1 1.5 2
R R = B(t — Wb)/B(t — Wq)
+0.87 _ +0.094
o =810 (stat+syst) + 0.49 (lumi) pb R=0.991_ .. (stat+syst)

= agree with SM
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Lower'limit to branching fraction| R

] 109 Runll Preliminary L=0.9 fb' V. Ve Vo5 \I[
ool Vekmr = | Ved Ves Vb

o.sf Via Vis Vi

07} '

o nf

ik  68% C.L. [Vl + 7+

03 . 95% C.L. _

02k using measured |V | and |V| :

01F V.| > 0.096 @ 95% C.L.

oL | T I I IR \ |

0 02040608 1 12 14 96 18 _ _ _
J Rmes  Using unitary of CKM matrix:

[R > 0.812 @ 95% C.L.] ['th| > 0.901 @ 95% C.L. ]
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Conclusions

searches in the top sector
> Cross section measurement

» search for resonances decaying in top pairs

> charge asymmetry in production of top and anti-top
» search for stop pair production

» search for new physics in top decays

= all measurements are in agreement with SM

= more interesting results will follow with more data
= will continue to explore top sector in detail

= role of top quark in electroweak symmetry breaking
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- Tevatron has delivered ~2.8 fb™
per experiment
-~ CDF and D@ ~2.8 fb! recorded each
= current data taking efficiency is
approaching ~90%

= thanks!

Luminosity (/fb)

g
o

0.0

Apr- Jul- Qct- Jan-

The Tevatron at Fermilab: Luminosity

m Run Il Integrated Luminosity |

4 [ 1
~1 o™
P _Y7_1_ A /
ariia @ |
— Delivered
r — Recorded
===
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Mass dependence of resonance

D@ Run Il Preliminary

w
D.18
D.18
D.14

n.12

0.1
o0.08
0.06
0.04
0.02

dzl

MANCHESTER

24

— ttbar ljets
4t — Zprimad50
+ t
-+ -
- -
- * -
200 400 500 800 000 1200
tt invariant mass [GeV]
My = 450 GeV

012}

.08}
0.08[
0.041

o.02f

D@ Run Il Preliminary

0.1

—tibar bats

1 — ZprimeBsn

200 a00 500 800 7000 1200

tt invariant mass [GeV]

Mx = 650 GeV

D& Run |l Preliminary

m F
a2 u = fiar gt
12 - :
oz N
L + - — Zpeimed 000
0.1
u.na:— + }
+
#f
0.06 . LT
L 4 ‘|'+
0.04) T a) +
- - 4t +,
0.02 'i++ T,
B -o--r-.-"""++ ..._‘\_ -
- Py T | |
Oy 400 600 BOD 7000 1200
t invariant mass [GeV]
My =1TeV
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dependence on resonance limit

T 250
ke — '/,— @ StatExpectedLimit_NN_Tight_Tagged_nohf.dat
%‘ : \ SystJESExpectedLimit_NN_Tight_Tagged_noh{.dat
& 2 B 4 SystNoMtExpectedLimit_NN_Tight_Tagged_nohf.dat
ix : — ‘; ¥  SystExpectedLimit_NN_Tight_Tagged_nohf.dat|
1.5
- = |
i .
1
0.5

L1 1 1 | | | L1 1 | I. L1 1 1 I 11 1 1 | L1 1 | | | I - — I L1 1 1
gﬂﬁ 400 500 600 700 800 900 1000 1100
M, [GeV]
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MSSM parameters

e tanJ = 20, p = 225 GeV, M4 = B00 GeV, M, = 53 GeV, M3 = 500 GeV,
e Trilinear couplings Ay, = A = 200 GeV,

e Scalar lepton masses M; = M; = Mz, = Mz, = 200 GeV,

e Scalar quark masses My, = M;, = My = M;, = 250 GeV.
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