Top Quark Properties

Mousumi Datta

Fermi National Accelerator Laboratory Jt
XXVII PHYSICS IN COLLISION

Perugia, Italy

June 25-28, 2008



Outline

> Introduction
» Exploring top properties
o Top quark mass
o Other top properties with ttbar sample

- Forward backward asymmetry
- Differential cross section
> W helicity
o Search for beyond the Standard Model (SM)
physics
> Search for ttbar resonance, massive gluon, FCNC, stop,
t", H", W', Wtb anomalous couplings

» Summary and prospects
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Top Quark Physics

> Existence required by the SM

e Spin 1/2 fermion, charge +2/3

o Weak-isospin partner of the bottom quark
> Discovered ~12 years ago at Tevatron

» Mass surprisingly large = ~40x heavier
than the bottom quark
e Only SM fermion with mass at the EW scale

As Top-quark is heavy:

ELEMENTARY
PARTICLES

T I I

of Matte

> Top decays before hadronization: I'~1.4 GeV >>Aq
* Provide a unique opportunity to study a "bare" quark

» Currently only produced at Tevatron = somewhat “rare”
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Try to address some of the questions:

» Why is top so heavy ? Is top related to the EWSB mechanism?
(PRD 59, 075003 (1999): PRD 65, 055006 (2002))

» Is it the SM top?

> Search for beyond SM physics:
« Does top decay into new particles? couple via new interactions?

Pair production
* Cross section (F. Déliot’s
talk)
* Production mechanism
 Differential cross section
* Searchs: ttbar
resonance, FCNC, scalar
top, t’

Characteristics
* Mass
» Charge
* Life-time, Spin, ....

June 26, 2008

DECAY
* W helicity
* Charged Higgs
« Anomalous couplings

EW-single top

* Cross section (F.
Déliot’s talk)

* W’ search

« Anomalous Wtb
coupling

M. Datta, FNAL




Producing Top Quarks

> At hadron colliders

e Predominantly pair produced
via strong interaction

o Electro-weak single top
production

Tevatron Run 11

Proton-antiproton collider (2001-20xx)
Vs = 1.96 TeV

Oy =~7.6 pb at m =171 GeV/c?
Ogingle top — ~2-9 Pb at m, = 175 GeV/c?
Experiments: CDF, D0

Large Hadron Collider (LHC)

Proton-proton collider (2008-20xx)

Vs =14 TeV

Oy =~908 pb at m,,, = 171 GeV/c?

Ogingle top = ~315 pb at m,, = 175 GeV/c?

Experiments: ATLAS, CMS
June 26, 2008
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Top Decay

» In the SM: Br(t >Wb) ~ 100%

Top pair decay channels classified by W / b
decays , e fJ v.q
> Dilepton: I 1bb ‘
» Experimental signature: 2 high-P-. e's or u's, b
2 high-E jets, large missing E; (for | =g,
uor rdecaying leptonically) Top Pair Decay Channels
» Low background
> Lepton+jets: lqgbb ¢ lalgl,
» Experimental signature: 1 high-P; e or u, 4 S| -ﬂf
jets (2 b's), large missing E; (for | =e, por S % g[S
7 decaying leptonically)
» Medium background L =8 < tau+jets
=. 1) muon+jets
> All-hadronic: qqqgbb o IS0 electrontjets
» Experimental signature: 6 jets (2 b's) \:ﬁ\ o] ud o5

» Large background
June 26, 2008 M. Datta, FNAL 6



Jet Energy Scale

> Jet energy scale (JES)

o Determine the energy
of the quarks
produced in the hard
scattered

e We use the Monte
Carlo and data to
derive the jet energy
scale

Particle jet

> Jet energy scale
uncertainties

o Differences between
data and Monte Carlo
from all these effects

June 26, 2008 M. Datta, FNAL 7



Jet Energy Scale Uncertainties

.1
: Quadratic sum of all contributions
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p7 " (GeV/c)

 Uncertainty on JES = About 3% systematic uncertainty on Top mass
measurement when convoluted with ttbar p; spectrum
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IN-situ Measurement of JES

> Additionally, we use W—jj mass resonance (M;;) to measure the
jet energy scale (JES) uncertainty

Constrain the
invariant mass
of the non-b-

tagged jets to
be 80.4 GeV/c?

q

g Y.
hnaaos

-

| Measurement of JES scales directly with statistics! '
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Signal-to-Background Ratio (S/B)

> b-jet identification provides significant background suppression
> Dilepton channel: Manageable S/B even without b-tagging
> LeptontJets channel: Good S/B after b-tagging
o Remaining dominant background from W+jets
» All-hadronic channel suffers from huge QCD background
e S/B ~1/1000 at trigger level

o Needs additional effort for background suppression
- Neural network (NN) based event selection has been used

300

S/B at | Dilepton | LeptontJets | All-hadronic |, ¢, e 0
Tevatron (After NN __eli0o ()
Selection) -
0 b-tag 1:1 ~1:4 ~1:20 b Lo
| b-tag 4:1 1:5 )
2 b-tags | 20:1 20:1 1:2 A"
Most top properties analyses use o T "
relatively clean event sample Tevatron VS LHC

June 26, 2008 M. Datta, FNAL 10



Particle Masses
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Why measure the Top Quark Mass?

> Related to standard model
observables and parameters

throu h loo dia rams : LI I LI | T L] I LI T T T 'I L] LI LI I T
fg P h 8 80.7 Tevatron/LEP 2 68% CL [l
» Consistency checks of SM [ LEF1/SLD: darker region
parameters 80.6
H

W, W A W
Pt s SV VL VU VUV

AM,, oc M2 AM,, ocInM,

top
.. _ 400 GeV 4
» Precision measurements of the 80 2 M= " Heinemeyer, Holik, Stockinger, Weber, Weiglein‘07 —
: : R TR T RN TR T TR T AN TR TN SR TN NN TR T TN T BN BN SN B .
Mtop (and My,) allow prediction 160 165 170 178 180 185
of the My, Miop (GeV)

> Constraint on Higgs mass can
point to physics beyond the
standard model

June 26, 2008 M. Datta, FNAL 12



@ Top Mass at Tevatron w

» Robust program of top quark mass
measurements

» Many measurements 1n all the different
channels — consistency

» Different methods of extraction with different
sensitivity — confidence

» Combine all channels and all methods —
precision

June 26, 2008 M. Datta, FNAL 13



Measurement Techniques
» Template Method

o Seclect observables sensitive to top mass
o Build templates from signal MC and background distributions in the
chosen observable

o Fit template to data

> Event-by-Event likelihood
o For each event determine likelihood as a function of top mass

o Multiply event probabilities to obtain joint likelthood = extract the
most likely value

» Common procedures:
o Calibrate and validate the technique with data-size pseudo-experiments

> Check and/or correct for biases
> Check pull width, expected sensitivity ...

June 26, 2008 M. Datta, FNAL 14



@ Template Analysis:
Dilepton and Lepton+Jets

» Simultaneous measurement of top mass 1-tag Lepton+Jets

o LeptontJets:
- Select events with >4 jets and >1 b-tag
- 344 selected events

Arb units

— M,__ =160 {GeV/c®)
op

B — M, =170 (GeVic))
0.06— oF

— M, =180 {GeV/c’)
P

o Dilepton: 004
> Select events with >2 jets and >0 b-tag 002t

- 144 selected events g 0

M= (GeV/c")

1-tag Lepton+Jets

> 2D templates in each channel: :
F—-1.0A. (o) rr 1

o Reconstructed top mass
o Leptontlets : AJES
o Dilepton: Hy = 2(Eq j(tEg ., 7 E

Arb units
ot
o
(4]
T

o
[=]
'
T

0.031
T,missing) 0.02

0.01—

» The JES from the Lepton+Jets channel N ..~
naturally applied to the Dilepton channel PR Y vy

June 26, 2008 M. Datta, FNAL 15



@ Template Analysis: Top Mass
Reconstruction in Lepton+Jets

» Minimize a y° describing the over constrained kinematics of Lepton+Jets

channel
Constraints on measured Constraints on un-clustered
Lepton and Jet momenta 1 Energy
i, fit i,meas fit meas)
5 _ (pT pT ) (U U
=2 + 2
I=/,4 jets O- i =X,y J
— 2 _qreco P reco )2
( ' Mw)Z My, ) (l\/lb,-,- 0} ) (bev_mt
2 T 2 T 2
N S
W Mass Constraints Top mass Constraints

» Select one permutation based on y?:
o Require consistency with identified b-jet assignments
June 26, 2008 M. Datta, FNAL 16



@ Template Analysis: Top Mass
Reconstruction in Dilepton

» Under-constraint kinematics due to two neutrinos
» Use Neutrino Weighting Algorithm (NWA)
e Scan potential top masses and v rapidities (1) and solve for v’s
o Compare each combination of v solution to measured missing E

_ (pcate _ probs 2 _ (gcae _ gobs 2
CEINEE

w" (M) = exp

0-tag DIL

> Integrate over n of the v’s, obtaining

total weight for different top mass e — M, = 160 (Gevic’
hypothesis 0.05 — M, =170 (Gevic’)
 Reconstructed top mass = Mass Z';: — M, = 180 (Gevic)
hypothesis with largest weight 0.02
0.01
foo "m0 200 250 300 350
M™2 (GeV/c)
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‘ Method Validation

Residuals: Combined Fit '

< ** I ndf 9.05/13 + AJES=10.0 Extensive

S f Prob 0.7691

30-4:‘ ‘ _ p(rjo { 0.05786 + 0.04896 . AJES=-1.4 checks and

g o2 |1 L IR validation of

g of w . T 1 T the method

- ] !

o2 ﬁ } | performed
0.4 g
06[- . AJES=1.0

“fe0 165 170 175 180 . AJES=1.4

M, (GeV/c?)
Pull widths: Combined Fit Median Uncertainty: Combined Fit
£1.14F x* I ndf 11.79/13 o5 2.2F

2 1 of Prob 0.5447 S

B p(r)o 1.028 + 0.00542 32150 :

a 11 > 2.14f I |
CISEY
1.06}- ‘ g . \ !
1'04,:._ T I X l { f | ! ? I y 1_95; , ‘ |
s ALY RRRR AR AL

1:_ F 4 positive error
0.985— %I 1'85:;_ v Eeg;tive error
1.85

L 1 1 l 1 1 L 1 l L L 1 1 l L 1 1 L l L 1 L 1 l 1 1 1 1 1 l L 1 1 L l L L 1 1 l 1 1 1 L l 1 1 1 L l 1 1 1 L
160 165 170 175 180 160 165 170 175 180
M, (GeV/c?) M, (GeV/c?)
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@ Template Analysis: Data Fit

= 18
"E B “5 - 2-tag: 99 events
> 50 1-tag: 233 events 3 16— Dat
8 r 8 14t [ ]Data
2 [ ]Data o Signal+Bkgd
T F [ signal+Bkgd g 12 ) Bkgd only
c ~ - A
:>: 300 P> Bkgd only ,% 10— ﬁ‘ CDF Run I Preliminary (1.9 fb™)
- 8- 2
C c 7
20F 6 /
- - % b
10 CDF Run Il Preliminary (1.8 fh'1) 4:_ // /% l
n 2 Y /// I
E . . 0 - "‘,,____,.,.m.‘.,‘.,.,.,.A.‘.‘.A.,.,.A.‘.‘.m.,...m.‘.m_____.____////////’/‘/2"./]IA‘!:;,...___
‘PO 300 50 50 60 70 80 % 100 110 120 130
M (GeVic)) M, (GeVic’)
; M.., Leptont+Jets, 2 b-tags
M,..,» Lepton+Jets, 1 b-tag jjo L€P ’ Y
o~ — .
L ? 16? ] Tagged: 61 events
3 0-tag: 83 events g 145 [ Data
o E ]
o [ ]Data % 120 Signal+Bkgd
2 [Asignai+Bige 5 10- ) Bkgd only
:>j 23 Bkgd only w Sf—
CDF Run Il Preliminary (1.9 fo™) 4; COF Run Il Preliminary (1.9 fb)
2
¢ ¢ T Wb riwm oz [ r L —
00 150 200 250 300 350 QOU 200 300 400 500 600 700 800
My (GeVic’) H, (GeV)
. H., Dilepton, 1 b-tag
= 9 9
M.,...» Dilepton, 0 b-tag T
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Template Analysis:

Measured Top Mass

g T T T T Syst. (GeV/c?) LJ | DIL | Comb
__ vl b-JES 0.6 0.5 | 0.6
1 N Residual JES | 05| 3.5 | 0.5
i ; ISR 03] 0.4 | 04
Tt ; FSR 02| 0.5 | 0.2
“ ey, T—— “ PDFs 03] 05| 03
oo T L e Generator 0.2 0.8 0.2
> Combined fit result: LJ Bkg Shape 0.2 0.0 | 0.2
DIL Bkg Shape (0.0 | 0.4 0.1

171.9 £ 1.7 (stat. +JES) £ 1.0 (syst) GeV/c?

MUC statistics 0.1 0.2 0.1
> Lepton+Jets only result: Lept energy scale | 0.1 | 0.4 | 0.1
171.8 #1.9 (stat.+JES) #1.0 (syst) GeV/c? pileup 0.1| 01 | 0.1
> Dilepton only result: gg fraction 00/ 02 | 0.0
171.6 *34 5, (stat.) #3.8 (syst) GeV/c? Total 1.0| 3.8 | 1.0
June 26, 2008 M. Datta, FNAL 20



@ Event-by-Event Likelihood DS
Matrix Element Method: Lepton+Jets

» For each event build a signal and background probabilities

» For a set of measured variable x:

W(X,y) is the probability that a parton level set
of variables y will be measured as a set of
variables X (parton level corrections)

d"o is the differential cross section: LO
Matrix element

— 1 o
P (X; Mgy, JES) = — [ d"0(y; My, )da dl (@) F (0 W (JES . y)

f(q) is the probability distribution that a parton will have a momentum ¢

> All permutations and neutrino solutions are taken into account
> Lepton momenta and all angles are considered well measured

June 26, 2008 M. Datta, FNAL 21



Matrix Element Method: Lepton+Jets

» Maximize likelihood and simultaneously determines M, . and

JES

top
Signal fraction

Nevents

L(C39 M top ? ‘]ES) x E (Cs I:)signal,i (Mtop > 'JES) T (1 - Cs )Pbackground,i (‘JES))

» Calibration against simulation

D@ Run lib Preliminary, L=1.2 fb" D@ Run lib Preliminary, L=1.2 fb" D@ Run lIb Preliminary, L=1.2 fb" w
o g : ) _ _ ol : ) i _ S cninetiofbesenk e . ‘e
= f[pO 1.70+ 0.13 £ |[[po 1.12£ 0.01 | $ 0.06-| PO -0.016 + 0.001 ;
y; p1 1.00 + 0.02 3 2 [lp1 0.952 + 0.032
10 = 1.4 3
v i £ .04
E ) 'S L
T 2 |
5/ £ 120 0.02
=
ol & 1 o
5- : ; -0.02} ! .
s lepton+jets 0.8 lepton+jets lepton+jets
|+ JES™=100 | |+ JES™=1.00 | -0.04 - MZ'=170 GeV
-10} 0.6
P _ -0.06F+"—
.1,"...: ) P N , 0 SR e | : gl B St et . |
% 40 5 0 5 _ 10 15 A a0 5 0 5 _ 10 15 006 004 002 0 002 004 006
True M -170 True M -170 True JES-1
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Matrix Element;:

D@ Run lIb Preliminary, L=1.2 fb”

n 11
w

J

1.08

1.06

1.04

1.02[-

1

lepton+jets, calibrated

AlnL=2.0

0.98

DO Plots
corresponds
to 2nd 1 fb-l.
Combined
result:

172.2+1.1(stat)+1.6(JES+syst) GeV/c?
June 26, 2008

i | L | L L L L1
166 168 170 172 174 176 178 180

M, (GeV)

D@ Run lIb Preliminary, L=1.2 fb”

- -1
Measured Top Mass b

CDF Run Il Preliminary 1.9 fb” ‘
1=

osk. —A(nL)=-05
- —A(nL)=-20
C —A(nL)=-45

P
168

Ags (0)

1

- L |
164

— '176'2'
m, (GeV/c")

171.4 + 1.1(stat) + 1.0(JES) + 1.0(syst)
GeV/¢c?

L L PR IR R
166 170 172

150(

100}

T R

" _ -
3 300 Mean 1.8 GeV

£ _RMS 0.2 GeV

g I % 10

c

5 2% - lepton+jets

5 2D no prior

£ 200f calibrated

=]

=

> Most precise CDF and DO Top
mass measurements from single
channels

> Major sources of systematics:
o Radiation, residual JES, b-JES,

" 2 25

g a{nﬂ:) (GeV)

modeling, generator ...

o No single source dominates total
systematics

M. Datta, FNAL 23



2 fb!
‘ Matrix Element Method: Dilepton

e BEER B EEEA “—é BRI AR LR 1 ‘-_‘}
165; o % GT:smeasuj lllll t
o . g1oo Sources of om,,,
:2 i : N I Systematics | (GeV/c?)
& ] Ui
of . 1R ° / JES 2.5
8 — " ® o. ] = i
of o : | Other 1.5
1 B il Total 2.9
o n T ota :
Qes 760 ies 170 78 T80 188 1'5;0”!'95 O™ 9"""2 8 4 B & 7
M, (GeV/c®) A M, (GeV/c?)
CDF Runll Preliminary (2.0/fb)
171.2 £2.7 (stat.) £ 2.9 (syst.) GeV/c? g T
L%) . B Eglig.;.e%ncert.-
o o . . . 10° Z—un -
> Most sensitive analysis in Dilepton channel ; S
. e o 5 5 r I fakes
> Comparable statistical and systematic uncertainties =
> Optimized event selection for sensitivity iy,

e Use NeuroEvolution method 19F

(K. Stanley and R. Miikkulainen, Evolutionary Computation 10(2) 99-127, 2002)

- Method capable of evolving Neural Network’s -
topology in addition to its weights. 1

0.2 03 04 05 06 07 08 09 1
Neural Net Output
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Template: All Hadronic

CDF Run Il Preliminary (2.1 fb™) CDF Run Il Preliminary (2.1 fb™)
1 tag events, JES=0

—+— Data

» Suffers from huge QCD 7
baCkgrOund 600;_ Bkg + tT (Mtop=175, & = 6.7pb)
e Apply neural net (NN)
kinematical selection

2 tags events, JES=0

—+— Data

Expected Bkg

Events/0.01
-
(=]
o
T
Events/0.01
-
[
=]
I

Bkg + tT (Mtop=175, ¢ = 6.7pb)

-

o

=]
T

80

400f L
E 60

300f

e Require >1 b-tag “of
» Use kinematic fitter to S Ton”em T eaa dw e we e
reconstruct top mass Require NN output > 0.91
e 2 constrain 2 dijet masses
to the W mass, 2 triplet S0
| tt m® templates, 1 tag events (JES = 0.0)
masses to be equal, and 6 S |
5 . 3012 B Miop= 180
terms representing the jet 5 | Miop = 170
JES. g 0.1~ Mtop = 180
5 i Mtop = 190
goosr P(r™ | Mtop JES)

> Select permutation with min 2 oo
e requiring consistency with oosf
1dentified b-jet assignments ooz

m™ (GeV)
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@All Hadronic : Measured Top M

» Likelihood fit extracts top mass and JES

Events/(5 GeV)
- - (X %)
(=] @ (=] o
o o o o

@
=]

=]
T T T T

JES

1

-2

176.9 + 3.8 (stat+JES) &+ 1.7 (syst) GeV/c?

CDF Run Il Preliminary (2.1 fb™)

o)

Af

N 1 tag events m:"
5 —— Data
- M Fitted tt
L Fitted Bkg
‘ ¥2/Ndof = 53.3 / 40
r ¥ # Prob = 0.078
j ot
]
- *t
= g
[ # F=t.
RS  N
100 150 200 250 300
m® (GeV)
CDF Run I Preliminary, (2.1 fb)
ALn(LIL_ ) Contours, 1+2 tags events
P -Ln!LI'L__ml =45 (3a)
-Ln:Lﬁ_m.] =20 (2n)
— -Ln!LfLmul =05 (10)
1 al N N

R sl T i L
150 155 160 165 170 175 180 185 190 195 200

Mtop (GeV)
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Events/(5 GeV)

S0.25 I
(g [ Expected AM,, (stat + JES), Mtop = 177.0, JES = 0.0
o L
ha |
g
30.2—
w L
s L AM,,,, from PEs
5 L
Eo'ﬁf —— Measured AM,,
wor
01—
0.05—
IR 1 T R |
00 2 4

CDF Run Il Preliminary (2.1 fb™)

50 2 tags events m:'“
—+ Data
aor M Fitted tt
Fitted Bkg

i

20—

¥2Ndof = 23.3/ 27
Prob = 0.669

as$s

Source

GeV/c2

Residual JES

0.8

b-JES

0.6

SK E. Dependence

0.4

i

" 100 150 200 250 300
m> (GeV)

CDF Run Il Preliminary (2.1 fb™)

6 10
AM,, (stat + JES) (GeV)

M. Datta, FNAL

Radiation 0.3
PDFEs 0.4
Generator 0.5

Bkg. Template

1.0

Signal Template

0.3

Method related

0.4

Total

1.7
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@b
Ditterent Methods: Lepton P and L2d

> Use single variables sensitive to top mass Sllecadiiacs
o L2d/L_: B hadron decay length oc b-jet boost oc M,
y p Decay lifetime /o" Secondary vertex
o Lepton transverse momentum el
Primary vertex /
> Relies on tracking, less JES dependence P .

o Uncorrelated with other measurements

CDF Run II Preliminary (1.9 fb!) Syst. (GeV/c?) L2d | LepPt | Comb

Measured Top Mass (GeV/c?) Radiation 0.9 |23 LS

. PDFs 03 (0.6 |05
Combined : 175.31£6.2(stat)£3.0(syst)

Generator 0.7 1.2 0.6

L2d . 176.7+1°'0809(stat)i3.4(syst) L.2d SF 2.9 0 1.4

Lepton Py : 173.579 (stat)t4.2(syst) LepPt Scale 0 |23 1.1

> Statistically limited at Tevatron Bkg. Shape 1.0 |23 1.6

> Relatively large systematic uncertainty Out-of-cone JES | 1.0 |03 | 0.6

from sources like radiation, generator, Total 34 |42 3.0
modeling = work in progress

June 26, 2008 M. Datta, FNAL 27




Cross-section and Mass

> Explore the cross section and mass dependence for top mass
measurement or improving sensitivity

tt cross section (pb)
>

—t
|c|‘|,||

68% CL contour

-k
||||h";:

wi world average top quark mass

-

d
[ = SN
TT TTT

m1Tlioll|lqlllinllllwll

150 155 160 165 170175 180 185
top quark mass (GeV)
Determine top mass by comparing
measured ttbar cross section with
best theoretical calculations (Details

in F. Déliot’s talk)
Top mass =170 + 7 GeV/c?

theory ":
DO I+jets Run 11 900 pb'"’ £
o 14 I:I theoretical o,;
1 :_ @ measured o,
C % measured M,, no« ; dep.

CDF Run Il Preliminary (1.2 fb'1)

16}

M

l measu red MP Sq dep.

950155 160 165 170 175 180 185 190 195 200
M, (GeVic’)

For Dilepton analysis: Apply
additional constrain using
theoretical ttbar cross section
with kinematic information

[+-]

h

Top mass = 170.742 ; , (stat) + 2.6
(syst) + 2.4 (theory) GeV/c?

June 26, 2008 M. Datta, FNAL
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‘ Combination of Top Mass Results LA

Best Independent Measurements > Combine Run I measurements

of the Mass of the Top Quark (=preliminary) with most recent Run 11
; measurements
CDF-l dilepton o 167.4 +11.4
D@-1 dilepton o 168.4 £ 12.8 > Take into account the
CDF-Il dilepton* —ont 1712+ 3.9 statistical and systematic
D-Il  dilepton* —T— 1737 6.4 uncertainties and their
CREAIsptontiets e Pl e correlations (NIM A270 (1988)
DO-I Iepton+.jets : —— 180.1 = 5.3 110, NIM A500 (2003) 391)
CDF-ll lepton+jets* 19 1727 £ 2.1
D@-Il lepton+jets* @ 1722+ 1.9 » Combined top mass
CDF-l alljets : O 186.0 £11.5 172.611.4 G@V/CZ
CDF-ll alljets* —@— 177.0 £ 4.1
CDF-Il b decay length N 180.7 + 16.8 x2/nd0f 6.9/11 = 81% pI‘Ob
: X2 dof = 6.9/ 11 « Good agreement among all
Tevatron Runll* (@) 172.6 £ 1.4 input measurements

> Top mass known with relative

150 170 190 March 2008 precision of 0.8%

Top Quark Mass [GeV]
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@ SM D3

top

> Top mass measurements are becoming systematic dominated

> In channel/analysis not using in-situ JES = Systematics dominated
by the uncertainty on parton energies (JES)

> Other sources arise from the assumptions employed to infer M,

Statistical and systematical sensitivities by channel

oM,,, Statistical JES (DIL) OR Other
per CDF/D0 | (Including in-situ JES Residual JES Systematics
Analysis for LI& All-Had) (LJ and All-Had) | (GeV/c?)
with ~2 fb! (GeV/c?) (GeV/c?)
Dilepton ~2.7 ~2.5 ~1.5
Lepton+Jets ~1.5 ~0.6 ~0.8
All Jets ~3.8 ~1.0 ~1.4

June 26, 2008 M. Datta, FNAL 30



‘ Prospects : Top Mass At Tevatron D&
@

A M{total) GeV/c®

-t
T

—h
[=]

CDF Top Mass Uncertainty

(all channels combined)

1fb' 2fb' 4fb’ 8fb"
20 2R T

*

v CDF Results AM/M < 1%

* Run lla LJ goal (TDR 1996)

Scale A(stat) /NL, Fix A(syst)
(assumes no improvements)

 Scale Atotal) /L
(improvements required)
| | I 1 111 |

4

10° 10° L 10
Integrated Luminosity (pb )

» The combined CDF and DO top mass measurement is at <1%

precision

o Surpassed Run II goal for 6M

80.7F Tevatron/LEP 2 68% cL [l
; LEP1/SLD: darker region

80.6[

80.5[

Ahy= 400 GeV

L L ] T LI | L L LI L L ] LI | L]

Heinemeyer, Holik, Stockinger, Weber, Weiglein‘08

. =

M M T T T Y
160 165 170 175
Miop (GeV)

~3 GeV

top

> Improving constraint on the SM Higgs boson
o Pushing the SM to it’s boundary

June 26, 2008
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@ Prospects : D&
Top Mass At Tevatron (Cont’)

> Working toward the final systematic uncertainties on Top
mass measurement

Are we missing anything? Are all possible sources
properly accounted for?

Work in progress:
» Color reconnection

o Estimating effect on Top mass measurement using theory
models (P. Skands and D. Wicke, hep-ph/0703081v2)

> Revisiting various sources of systematics
o Better understanding
o Possibly avoid double counting and over estimation
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Other Properties with
ttbar Sample
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Forward Backward Asymmetry
(Aq) In Top Pair Production

> Asymmetry caused by interference of ME - Al re= e
amplitudes for same final state >...< .t =] ’
> The SM predictions: § P 45 N
o In ttbar frame: A, ™ = (4-7)% in NLO q\ g 1{q !
(arXiv:0709.1652) 7
e In ppbar frame (A, ™) : reduced by ~30% H >v?v<
relative to A 10

» Can be significantly enhanced in different BSM models:

o Z’-like states with parity violating coupling (PLB 387, 113 (1996)), theories with chiral
color (PLB 190, 157 (1987), PLB 200, 211(1988))

> A, measured in both the ttbar rest frame and the lab rest frame
A N(AY >0)-N(AY <0) N(cos & >0)—N(cosd < 0)
® N(AY > 0)+ N(AY <0) N(cos@>0)+ N(cosd < 0)

AY =—-Q, (¥, Y, rasonc) | €080 =—Q,.cos At
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Ay Measurements

8 EEmTe T 0o0skT  ®| % oo ui D0 Measurements
o .- [ 33+£10 Wijets el excluded region
2 15 1923 Mol Eooiy (PRL 100, 142002 (2008))
5 12E = 17oDan 3 0.6 Tl e uncorrected —

3 %o.s; """"""""""""" Afb -

3 0 . _o(ppZ' St 0.12+0.08 (stat) £+ 0.01(syst)

F- 0.2 = — = .

mE - o(ppo>tt) e Set constrain on
01 02 03 04 05 06 07 08 O.Qan‘l 400 500 600 700 BO% , maB:g[Ge‘\?]ou lep tOphObiC Z, pr() duC tion

ttbar frame
CDF Measurements (submitted to

-»— CDF Data{Lim=1.9 fb!) _g__ 120-_ - CDF Data[Lim=1.9 fb) PRL)
= ] ti(MC'NLO, A ::TB=U.D5) .g [ [ f(MCNLO, A ':;=n.n4)
S 140 77 tF(rew. Pythia, A =0.24) s t £ f(rew. Pythia, A% = 0.17) .
lrl 120:— = bﬁckgrou:d | - 100:_ [ background Uiy L] Apply unfOldlng tO gO from
JooF- T 80FT reconstructed to parton level
3 : t
oof L Ap T
: 0.24=+ 0.13(stat) = 0.04(syst)
20¢ Afbpp -
0.17£ 0.07(stat) = 0.04(syst)

01" 08-06-04-020 02010608 1 ¢ Consistent with SM
bar frame ® °*° '
pp expectation

ttbar frame
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‘ Measurement of the ttbar
Differential Cross Section do/dM,,, ..

> In BSM models new gauge interactions can produce massive particles which
may strongly couple to top quark (PRD 49, 4454 (1994), hep-ph/07122355V 1)

* Can produce resonances 1in the ttbar invariant mass (M,,,) distribution

* Or may interfere with the SM and modify the shape of M, ..

CDF Il Preliminary

» Measure top pair cross-section in bins 10" 4
of M, for Lepton+Jets events 5 M Expectation

- SM Uncertainties

o Data.J.L =19+01f"

e Correct the reconstructed invariant
mass distribution to back to true
distribution

> Check consistency with the SM

o Put more emphasis on the tail of
the distribution

» Data consistent with SM -

0 200 400 600 800 1000 1200 1400
Unfolded l\.r‘ltf [GeV/icT]
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W Helicity: tbW coupling
> The SM top decays via EW interaction: Br(t—>bW)~100%
o Top decays as a bare quark = spin info transferred to final states

> Possible W helicities: |
e JeP= 0: longitudinal Spin=1 / ™
e JeP = -1: left-handed Spin=1/2 w' o
o JoP =+1: right-handed % :
> V-A coupling in the SM = v /\V- A
o longitudinal fraction f, ~70% b
Spin=1/2

e left-handed fraction £ ~30%
o right-handed fraction f, ~0%

. . . . o . _.fef.« 1 Aod
» The SM prediction modified in various - _ﬁ%o.s_ e omgitudinal
. S L right-handed
new physics models SR 7 TN =T
. PRD 45, 124 (1992); PRL 38, 1252 (1977); Y
J. Phys. G26, 99 (2000); PRD 62, 011702 (2000); N
PRD 65, 053002 (2002). 0.2r 7
R . 0 :"... . .
> Recent measurements use cosO* : I T R TR
Angle between lepton and b in W rest frame. cos 6
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- 1fb!
L W Helicity Measurements

» Template based analysis using cos@*

o Reconstruct ttbar decay using event = .
kinematics o pob=Th
PRL 100, 062004 (2008)
g 40;— DO, L =1 fb" (c)
g 30 dilepton
20;—
10- :
E$ 02 0 02 o4 08 08 1 iz
Q4 1 , f
coso* » Simultaneously measure f, and f,
% =3 Dp,L=11"  (a) f, = 0.42 +£0.17(stat) £0.10(syst)
L 200 | T r Hjets f.=0.12 £ 0.09(stat) £0.05(syst)
D 152 - > Fix £ =0
skl £,=0.62+0.09 (stat) = 0.05 (syst)
of > Fix £,=0.7
Y T .~ =-0.00£0.05 (stat)£0.05(syst)
-1 -0.5 0 03 e » Consistent with SM expectation
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W Helicity Measurements

> Template method

o Simultaneously measure f, and f,
o Measure f, assuming fixed {,=0.0
e Measure f, assuming fixed £,=0.7

» Using a matrix element-based technique

June 26, 2008

e Likelihood based on differential
cross-sections of ttbar and dominant
background

o Measure f, assuming fixed £,=0.0

30
25}
20}
15}
10}

CDF Run Il Preliminary (1.9 fb™)

25k E
15
I
as
ok 3
as s as [E] [H} ae

04 06 08 1 12
f, (Corrected)

“In(L/Lmax)

0 02

L L B N B S B B B
= CDF Preliminary (JLdt=1.9 fb'l) =
E Assumes my = 175 GeV/c2 E
§ Matrix Element: %
._._._._.
(fix f+=0.0) f,=0.64 +0.08 +0.07

munmmnn

Cos 6 Unfolding:

_._- .
£.=0.15 +0.10+0.04

£,=0.38 +0.21+0.07

-—.—-
£,=0.01+0.05+0.03 (fix £ “_f 0.7)
(=00 £ —0.66 +0.10 =0.06

munnnn O

Cos 6% Template:

@
£,=0.65 +£0.19 £0.03

£,=-0.03 £0.07 £0.03

=

M. Datta, FNAL

(fix £0 = 0.7)
£,=-0.04 £0.04 £0.03 )
- -
Exfm=00) £,=0.59 +0.11+0.04
[ § L1 | | | 11 | 1 1 1 | | § | ‘ | 11
0 0.2 0.4 0.6 0.8 1

W-Helicity Fraction from Top Decay
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Search for Beyond the SM
Physics With ttbar Sample




FCNC Search

» Search for Flavor Changing Neutral Current
(FCNC) process t—>Zq

o Highly suppressed in SM : O(10-14)

» Different new physics models predict
much higher rate, up to O(104)

> Select Z(_)ee/ M“)+24 Jets 2 (mw,rec — my ) ’ n (mi—rwb,rec — Iy ) : . (”’h—ﬂq,rec — Iy )2
o Fitto a mass y? r= Cr—Wwh 01 —Z4
o Separate events 0 b-tag and >1 b-tag

Oow

events :
FCNC Feldman-Cousins Band (95% C.L.)
Best Fit to Mass %2 N - BestFir| = —— ]
E T T LN LA L L LA R L L N R NN R L R —r T rr T 0_}5- B(f_:'zf]) — O.(j;49
5 Tagged Anri-Tagged Control = -
[5_3 (13 Evenrs) (33 Evenrs) .r’ 136 Events) m
40k ® Data (1.9 fb 1) 1 CDF II Preliminary J g 01 —
O FCNC o (3.7%) SJLdr=19 fb! ~
Fit Uncertainty
E Z + Jets (HF & LF) 95% C.L. Limit: i
[ B Standard Model ti | 1 0.05 —7Zq) < 3.79 7]
201 m Diboson (WZ,27) < Blt~>Zg) < 3.7% ]
CDF II Preliminary A
o - JLdi=19 b1 ]
0 0 N T T T
0 2 4 6 0 2 4 6 0 2 4 6 8 -0.2 0 0.2
%2 Measured B(t—=Zgq)
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» Various BSM theories predict resonant

ttbar production from the decays of
massive Z-like bosons: Topcolor (PRD49,
4454, 1994) , KK gluon excitation in RS
model (hep-ph/0701166)

% TUE (b) D@, L=2.1fb" -+ Data
3 5ok HPreliminaryr []Z/e50 Gev)
® t
g 505'_ Single top
B 40 Diboson
SOE Wijets
E Z+jets
I Mutiijet > F
o F
Z
800 1000 1200 I
M". [GeV] 10k
= Sprrrrr UL LA LA NN LN LRI LR R NI 3 E
2 a5E — Expected limit 95% CL 3 C
Exclude = ) 4 E with uncertainty band =
1+ 3 5; -+ Observed limit 95% CL 3
> 3.55 — . E
MZ’<7 60 o Topcolor Z' (CTEQ6L1) E 1
2 e 2,56 D@, L=2.1 b = v
GCV/C at oF Preliminary
95% CL 1n 150 E
1E =
Topcolor 055 =
$00 200 500 600 700 800 900 1000 1100
model

June 26, 2008

M, [GeV]

M, (GeV): LeptontJets
M. Datta, FNAL

Resonant ttbar Production

> Search for “massive gluon”

decaying to ttbar pair (PRD 49, 4454
(1994))

o The SM ggbar—ttbar and

qgbar—G—>ttbar interfere

CDF Runll Preliminary 1.9 fb™
[/M=0.10, M=800

—e— Data (Nev=371)
—— Bkg

+

0 500 600 700 800 900 1900
tt invariant mass [ GeV/c“]

» Scan mass and width of massive
gluon to extract the coupling
strength

—— Bkg + SM
—— Bkg + MG (1=0.148)
o] G
9s 9s ;“qgs. 7‘095
q Q q Q

||||| Lo oo bl o olabolbs s oo sl |

Data consistent with the SM
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‘Search For Pair Production of Stop

» Search for
t >by" —>by'lv

> Very similar event signature as SM ttbar
decays = can be hiding in Tevatron data

¥ is the LSP, and §, £, ¥ are heavy
mfl .S..- my
Mg+ < Mg, — My,

» Assume BR(stop—b and chargino)=100%

» Search in dilepton (CDF) and leptontjets
(DO) final states.

» No evidence for stop quark pair production
observed

June 26, 2008 M. Datta, FNAL

Observed 95% CL

CDF Run Il Preliminary (1.9 fb"}.
M(7,)=105.8 GeVic?

80—/ BRAT: >7V)=1.0 N\ BR(,~7,b)=1

“
. .
\_
\
o

BR?(Y, -7, V1)=0.50

M(z)) GeVic?
o
w

BRZI;{;—>;{‘1]\'I)=O.25

45; Excluded by LER ; : . Ny
120 130 140 150 160 170 180
M) Gevic?
combined
— 25 m—
= ]
= DY Preliminary :
Ty O ® observed ]
W =xpected a
theoretical 3
15 ........................................... _-
o DO |
-IU ......... - ................................ _-
[ | & . ]
sF--------- . ..... . ..... .. e . - ..‘- ]
|
0

145105 160/105 160/120 175/105 175/120 175135
stop/chargino mass [GeV]
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‘ Search for Heavy Top t'>Wq

> Motivated in various BSM: Little Higgs model with t-parity, “Beautiful

Mirrors” model

> EWK precision data don’t exclude fourth generation.

> Use LeptontJets final state
> Two-variable search:
» Reconstructed top mass
* H, (total transverse energy)

5 CDF Run 2 (2.3 fb")
2 Preliminary
a1 F t—=Wq, > 4jets |-
f=3
% range of
expected 95% CL
upper limits
0.1 observed
) 3 theoretical prediction 3
Bonciani et al.

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

June 26, 2008 M. Datta, FNAL

102k

101 L

100}

10}

102

101F

100}

CDF Run 2 (2.3 ib")
Preliminary -

o M(t)=280 GeV

{1 observed
tl
I top
I W+jets

W QcD
200 300 400 500

Migco (GeV)

| ¢ observed CDF Run 2 (2.3 fb")
t Preliminary
M top
I Wjets 4 o M(t)=280 GeV
I QcD f

400
Hr (GeV)
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@

Charged Higgs Searches

» Search for H"—cs

o In the MSSM, predicted for charged
Higgs in low tan 3 around unity.

e Assume BR(H"™—cs) =1

Nevent/[6 GeV/c?]
(4] L] I
2 & ©

[\
n

20

15

10

Data fit with MH120 template[CDF Runll Preliminary]

%20 40 60 80 100 120 140 160 18

C K-5 test= 0.236 I L=22+01 fh4
r NHiggs= 4.05+ 123 -11.94
- NW = 18227+ 1348 1321
C NBKG = 13.75+ 7.19 -T.11
o i = 0.762853801
C Ow
r [Higgs
r @eKkG
C * DATA

4 __'4

T T T [T

M(di-jet) [GeV/c?]

Br(t —» H* b} x Br(H+ - ¢ §)
= =] (=] (=] = =
o :

TT TTTT TTT

=
-

CDF Runll Preliminary [2.2fb™]

T— H H

o . —e— 95% CL data

s :  —— 95% CL expected

o [ltwesectd
- i [] 26 expected

4: H : : : i

MHGeVie']

_IIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII
%D 90 100 110 120 130 140 150 160

2.2 fb-!

> Template fit to the dijet invariant mass in Lepton+Jets channel

* No evidence for H* signal in data

June 26, 2008
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Search for Beyond the SM
Physics With Single Top
Sampl

—— R Emmm
m o= @ Standard Model
[L"l lfh} | 7 [ ¢ Top-Flavor
- 1‘-’” 5 | imy =1 TeV)
W‘l’ neutrino ] O Zt-cFCNC
= (&7, = &)
4th Family
4 * * )
— O I:"-'rh =1{.5)
L t h
= 33 | + H
i =3 e v
ANTEIOION Deam o peoton beam . (M, = 250 GeV)
F & -
J )
’ -
u -y s | |
Jet 2 (b 1. ; Tait, Yuan PRD63, 014018 (2001) | |
1
| ...........
] 0.5 I 1.5 5 3



D5 W'-like Resonances ‘

> Many theories predicts W' : massive W-like
boson (PRD 10, 275 (1974); PRD 11, 566 (1975);
PLB 385, 304 (1996) etc.)

» Search for resonant tb production: W' —tb
* LH couplings: DO include interference with SM W in the signal model
* RH couplings: decay to vyl/qq depending on mass of vy

> Set 95% exclusion limits on W' production and it’s coupling to fermion

-1 - —
DO prL 0.9 fb D@ pPRL 0.9 fb™ CDF preliminary 1.9 fb™
) —8— Observed limit 'g_ == Observed limit o) E =8 Obsarved Limit
2 a- W Expected limit - o »+W+ Expected limit Q o5 = o Limit £ 1
_ i SM+W' NLO (M, < M) = —x— W NLO (M, >M,,) = . Pxpectsd L -39
|£ ———— —— : W NLO (M, < M,,) =] i — S W M(v) > MW
0 with W/W' interference T ] w R ¥ T - al Right W only
s % no W/W' interference T 0 e, L
2 = 24 = 3
o w § 0:3 e Wi e e
X _i % !
= i = s -g 0.2}
! - o
8 g g
© (0 R T T T © 0= T T T ; 0' o ) gy “r, Al | P |
600 700 800 900 600 700 800 800 700 750 800 850 900 950
W, mass [GeV] Wi mass [GeV] W' mass [GeV]
2 2 2
M., >731 GeV /c My, >739 GeV/c’, My, >M, M, >800 GeV/c’, M, >M,

M, >768 GeV/c®, M, <M, M, >820 GeV/c’, M, <M,
June 26, 2008 M. Datta, FNAL 47



¥ Anomalous Wtb Coupling in
Single Top Production

> Assume single top production proceeds exclusively through W exchange,
V>V ? <<|V|? and CP conversation.

g — . - IG”Vq _
L=——2-V.D y“(f P +f P) (f P +f, P)}tW +h.c.

In the SM f-=1, ff=ff"=f7=0

> Look at two couplings at a time, assuming other two as negligible

o Allow the SM coupling f,-and any one of the three non-SM couplings
- Three cases considered: (L,,L,), (L,.,R,), (L,R,)

> Use single top selection with boosted decision tree (BDT)

o Described in previous talk
» Use lepton P to distinguish signals with different couplings

o All the BDT variables used in the single top search are also used
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Event Yield

Anomalous Wtb Coupling (cont’)

80F .. - . . .
7o D2 Preliminary 0.9 b’ Scenario Cross Section Coupling
g ~»-data T T 14723 o) Vo fL1Z = 1 47070
60 H =1 (L1, L2) 4.4 o5 PP | tbf£| = L2 o5
s0- + ) e Vi f¥|? < 0.5 at 95% C.L.
= o+2.6 r pL12 _ 1 o+1.0
N + + ;%, (L1, R1) 5.2755 pb Vio fr|® = 1.8775
o iy i Vis fiE|? < 2.5 at 95% C.L.
3 2.2 r L2 _ - 0.9
o [ il (L1, R2) 4.572% pb |thf1R| = 14103
LT T e, Vinfa'|* < 0.3 at 95% C.L.
%20 40 60 80 100 120 140 Ve fo'|” < %
Charged Lepton P, [GeV]
21" D@ Preliminary 0.9 1b' 47 D@ Preliminary 0.9 15" 27" D@ Preliminary 0.9 b'
1'8; @ max likelihood 3.5 @ max likelihood 1-8; @ max likelihood
1.6 68% CL contour 68% CL contour 1.6 68% CL contour
o 90% CL contour 3 90% CL contour E 90% CL contour
1'4; ¥ 95% CL contour| o 25 ¥ 95% CL contour| N 1'45 ¥ 95% CL contour
= 120 = < e 120
a2 1 T2 2 T2 1
= 08} = s = 08
0.6 ; 0.6
0.4} | 0.4
0.2/ 0-5.‘> 0.21 ‘\:
00 05 1 ?.5 225 3354 00 05 1 1.5.2 25 3 35 4 00 05115 225 3354

|thf1L |2

|thf1L |2

|thf1L|2

Data favors the SM coupling
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Summary and Outlook

» Top quark properties are currently being studied at Tevatron
¢ Top mass measured in different final states and using different methods
® Mass measured to 0.8% precision
e Good consistency among all measurements

e Other properties of top quark are studied and new physics searches are
performed using top sample

¢ Almost all the measurements are limited by statistics at present
e Increasing data from Tevatron will further help reveal the true nature of
top quark = Expect 6-8 fb-! by the end of Run II
» LHC will open up a new era of Top quark physics = Top factory
» Top is a standard candle, tool for calibrating JES, b-tagging
» All the properties measurements and new physics searches would enter
a new level of precision and sensitivity
e Understanding of systematic uncertainties would become crucial
> Tevatron's top physics program and understanding of systematic
effects will continue to play a significant role for years to come
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