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Top Quark Measurements at DO
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A mode/-independent measurement of

W helicity

/h top decays




W helicity

So far measurements support the SM prediction: f(t-> Wb) = ~100%
Breaking it down by W helicity states:

Left handed Longitudinal Right handed
=-1 }L=O }\4=1
I(t > W_b) I'(t—>wyb) It >W.,b)
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SM: 30.3% SM: 69.6% SM: 0.1%

SM uncertainties << Experimental uncertainties > can’t constrain SM parameters ‘§&
Firm SM prediction, in particular: tiny f, = looking for new physics

Distinguish between helicity states by
reconstructing

4\ _Left-handed

=y

Right-handed

=y -
N

=y

Longitudinal

°

Arbitrary Normalization
o

°




W helicity

[+]ets sample

[+ isolated, p:>20 GeV, Multijet production
&L / ® [nl<1.1(e)/2.0(w) Estimated from data with
MET>20GeV leptons that almost pass our ID

' v
\ triangle cut on 1075 e D@ Preliminary, 1.2 fb”
A(D(l MET) 505 [ Wijj

63 [@DWece

34 [l Wbb

376 M |
notelany paiags W(-21v)+jets production
& Same final state

4 Jets (p>20 GeV, |n|<2.5)

Discriminant
- Signal and W+jets templates from MC. S
- Matched ALPGEN + Pythia Discriminant
« V+A and V-A signal MC reweighted to Combines kinematic and b-ID information
yield desired cos #* distributions Chose variables that:
- Data and MC are compared in control samples; | < discriminate between signal and W+jets
corrections applied for residual discrepancies e are well modeled

 Their amounts from fit to data sample. - are weakly correlated with cos 8*




W helicity

[+]ets reconstruction

Partons [+ Observed objects
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Parton-level | & Particle-level 2= M Detector-level

QCD Experimental resolutions
Simulation & b-1D probabilities

« fit partons to the measured objects, minimizing a y 2
* Constraints: m,, = m, =172.5GeV; m ;= m,=80.4GeV
Do the fit for every combination of assigning a jet to a parton




W helicity

[+]ets reconstruction results

Parton level
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Fitting f,, and f, rather than V-A vs. V+A
- Can also use the hadronic W to fit £,
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W helicity

ey sample

/u+ Isolated y, pr>15 GeV, |n|<2.0

Y, ;
.2

t 2 Jets
- (pr>20 GeV, |n|<2.5)

4
\. Maybeacouple o niminant construction and fit
b of b-tags...

& procedures similar to those in /+jets

€
e
Isolated e, pr>15 GeV,
In|<1.1/1.5<|n|<2.5

A strong experimental signature
- no MET requirements
—> looser lepton ID requirements
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Discriminant




W helicity

el reconstruction

n With two vs, reconstruction is harder.
[ s,

§Lb “resolution sampling”
\ » smear objects within their resolution
l

« 500 times per event

« for each b-jet & [ combination and smearing,

t\ solve algebraically for cos6*
B  use the 2 MET components + 4 mass constraints
& . 0-8 solutions
(V

_  average all solutions
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W helicity

Results

DO Run Il Preliminary

L=22-271b"
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Consistencies
e first 1fb-! vs. newer data: 49%

* e+jets vs. u+jets: 12%
* [+jets vs. di-lepton: 1.6%
* data vs. SM: 23%

Dominant systematics
Signal modeling

« underlying event

« additional collisions

* MC generator
«Background modeling

» shape and yield in low discriminant

sample

Longitudinal: f,=0.490 + 0.106(stat.) + 0.085(syst.)

Right handed: f, = 0.110  0.059(stat.) + 0.052(syst.)



Combine W helicity + previous single top result (“evidence” using only 1fb ') into:

Measurement of anomalous

top guark couplings




Anomalous coupling

Can combine the W helicity and single-top production rates (separated for s and
t channels) to fully specify the Wtb vertex [Chen, Larios, and Yuan, Phys. Lett. B 631, 126 (2005)]

DA published a variation on this idea [phys. Rev. Lett. 102, 092002 (2009)] @S follows:

Start with the most general CP-conserving Wb vertex up to mass dimension 5:

Lth:%Wu_B°“( 1LPL—|—f1RPR)t— ﬂghvé?,,Wu_BaW( QLPL—|—f2RPR)t
+ h.c.

SM has: f,l=1, f,l= f,R=f,R=0

Statistics are low
- Need some assumptions:
* real couplings (CP-conserving)
» Wtb dominates single top production and decay
 only one non-SM coupling at a time - three scenarios
* only f;t, and f;% non-zero (interference taken into account)
*only f,%, and f,* non-zero
only f,%, and £, non-zero




Anomalous f

Inputs

Modify single-top measurement to use only 2 & 3 jet events
- Iindependent data sets

Modify W helicity measurement to fit templates as function of
5 65 % and f,F, instead of f,and f,

Cross-sections, kinematics, and angular distributions change

DO Run Il Preliminary
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Anomalous f

p—
v
o
S~
N
ey
c
(<))
>
1]
T
R/
2
5

For each scenario

Train boosted decision tree to distinguish

signal ( f,*=f,=1) from background

* “Only” 4 samples, not dividing by N,

* single top only a “3c¢” effect in these samples
—> very little separation

D@ 0.9 fb'

W helicity result Bayesian
constrains ratio of couplings combination

D@ 0.9 fb™, single top only D@ Preliminary 0.9-2.7 fb™
® Measured Peak ® Measured Peak

[]68% C.L. []68% C.L.
M 90% C.L. Mo% C.L.
M95% C.L. Be5% C.L.

1,12 < 0.30 (0.19)

o1 2 3 4 1 2
Bayesian prior PDF |7 Posterior PDF



Anomalous f

Results - separate

Preliminary 2.2-2.7 fb' g, D@ Preliminary 2.2-2.7 fb™

2 ;;‘..Iu] i Iill |_| |-| |-| \-H_H-‘ | H HW ‘

. 2 3 4
I

I-F PDFs from W helicity If;

D@ 0.9 fb™, single top only
® Measured Peak

[ ]68% C.L.
BMoo% C.L.
B 95% C.L.

D@ 0.9 fb", single top only
® Measured Peak

[ ]68% C.L.
M 20% C.L.
B 95% C.L.

D@ 0.9 fb™, single top only
® Measured Peak
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Boo%c.L.
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Anomalous f

Results — combined

D@ Preliminary 0.9-2.7 fb™
® Measured Peak

[ ]68% C.L.
B oo% c.L.
B95% C.L.

D@ Preliminary 0.9-2.7 fb™
® Measured Peak

[ ]68% C.L.
B oo0% c.L.
Bo5% c.L.

| £,F° < 0.30

D@ Preliminary 0.9-2.7 fb”
® Measured Peak

[ ]68% C.L.
B0 c.L.
Bl95% c.L.

£,k < 0.19




A brief reminder of:

Simultaneous Measurement of the
Ratio B(t> Wb)/B(t> Wq)

and the Top Quark Pair Production
Cross Section

or for short...

PRL 100, 192003 (2008)




A brief reminder of:

PRL 100, 192003 (2008)




Observable & method

2
B(¢ — Wb) Vib « [+jets channel

* Bt —>Wq) Vid|" +|Ves|” +|Veb|”  + Events with 3 or 4-or-more jets
D@ Runll
Standard model o Data (L-0.9fb")
« 3 quark generations — Rt
*  Unitary CKM matrix R0

= ttR=0

use topological
R.=1 discriminant D
b

' In 4 jet, 0 tag channel: Background

New physics can break
either premise
- Simultaneous fit of o & R,
\ 4 » Poisson likelihood in N, & D bins
» Systematic effects described with
Rb;'é-I nuisance parameters (profile likelihood)




Results

From fit Ensemble testing
D@ Run I to find limits:
Correlation

-58%
D@, 0.9 fb’

5 |  68% C.L.

95% C.L.

68% C.L. 95%CLL.

:99% C.L.

Insensitive to m,

Ry = 0.9770:03 (stat + syst)

For m=175 GeV.: Ry > 0.88 @ 68% C.L.
O = 8.18f8:§2 (stat + syst)

Ry > 0.79 @ 95% C.L.
+0.50 (lumi) pb A @ -




Combine R, + single top production in t-channel into:

Width




Measuring the top width

Standard model Difficult to measure directly
[,=1.3GeV (for m=170GeV) (but see CDF talk)

Indirect measurement:

Assuming the above

production mechanism \\ (

* no FCNC production
o |Vid|, |Vis| small

Can combine the R, and single-top t-channel cross

section O-tqu to extract F(t% Wb) [C.-P. Yuan, e.g. arXiv:hep-ph/9604434]

- “effective W approximation” > The Wib vertex factorizes

= 0,,x Rroportional to I'(z>Wb) even in the presence of
anomalous Wtb coupling

__ B(t—>Wb)
Ry = B(t—WJq)

T, — ['(t—Wb)
¢t B(t—=Wb)—

BSM production with similar kinematics Assume:
(e.g. right-handed vector coupling) also fine B (t — WQ) =1




Width

Method

Reinterpret the t-channel cross section measurement as:

0B = opqx - B(t — Wb) = 3.14703° pb

Wib also effects
the decay

. B ['(t—Wb)
Yielding: I' (£ — W) = B 7D O'tqu,S]\iM

oB Dt Both calculated at
B(t_>Wb) O'tqu,SM (pure) NLO QCD

B(t—Wb)

Redo the statistical analysis of t-channel x-section measurement
» same selections, 24 channels, same discriminants, etc. (see A. Heinson'’s talk)
* extracting the widths instead of o

« priors flat in the widths

e and....

and: Ft —




Input systematics

...and...
« systematic uncertainties from both analyses combined in 8 categories
 each category treated as either fully correlated or uncorrelated

Relative Systematic Uncertainties

Sources t-channel R measurement Correlations
Components for Normalization
Luminosity 6.1% 0.0%
Single top signal modeling 3.5-13.6% 0.0%
Top pair production signal modeling — 1.0%
Other background from MC 15.1% 0.6%
Detector modeling 7.1% 0.1%
Components for Normalization and Shape
Background from data 13.7-54% 1.7%
b-tagging 2-30% 6.3%
Jet Energy Scale 0.1-13.1% 0.0%




An indirect measurement

All supported by experiment!
Most precise
measurement

* No FCNC production

* |Vid|, |Vis| small
*B(t— Wgq) =1

Assumptions:

+0.55
0.46 GeV
2.057">7 GeV

\\
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[,.A8D] Ausuap Jousisod

7| Expected T, = 1.38"’
1 m ObservedT,
+1.1 =
(3.2757) - 107 s

D@ Run Il Preliminary, 2.3 fb"

N

Thatis: T¢




Direct measurement of the
mass difference between top

and antitop gquarks




Mass difference

 CPT theorem - particle and antiparticle masses are the same

« QCD confinement - quark masses are not directly accessible

o ...except for the top mass: 1

Taken from the
previous result ©

7, = 3x107 % sec < ~3x10~* sec

AQCD

PRL 103, 132001 (2009), featured in Nature and Physics Today.




Am

Method

* A variation of the D@ |+jets matrix-element mass measurement
with ~1 fb-1 (PRL 101, 182001 (2008), see O. Brandt's talk)

» Separate the top quark from the top antiquark by Iepton charge
* solenoid and toroid polarities routinely reversed &

* unfortunately (?) can’t switch detector to anti-matter
- arguably the trickiest experimental aspect - bJES vs. bJES
studied in data and MC (K+ vs K- interact with matter differently)

ANGELS DIiA\ONS
Wasted PR

opportunity

BRIl 11 enters:
IR Rl - the matrix elements
_ ¥ | | ra - almost a trivial change
&7 - modified Pythia to generate events
5 - r' w%\/@ with m, # m,
L 10 e ° the acceptance (taken from the MC)

M*"[GeV/c?]




Am

Calibration

8 Calibrations:
* e +]jets and u+jets calibrated separately

m and A

sSum
* values and uncertainties (jargon: means and pulls)

From ensemble tests w. the modified Pythia

e+jets: My (t) =170 GeV, M,,(f) = 165 GeV

> Mean = > T5.242016 %S T0022
100 ean = 4.025 L Mean = 5.24 £ 0.16 L Mean =-0.02 + 0.04
8 Dz e 8100 Dg Sigma = 4.85 = 0.12 :‘WJ. Sigma = 118+ 0.03
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e+jets: My (t) = 170 GeV, M, (f) = 165 GeV
> s0F Mean=2.106| = Mean = 168.80£0.08] S Mean = 0.01% 0.04
180 ean E ea S ea
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(a) e+jets . D@, 1 fb™

i65 170 175 180" 5 10
m, [GeV] o(A) [GeV]

P

165 170 175 180 10
m, [GeV] o(A) [GeV]

— mt_ — 3,8 + 3.7G€V (includes 1.2GeV from systematic uncertainties )




Summary & outlook

Model-independent measurement of W helicity:
» Longitudinal: f, = 0.490 + 0.106(stat.) £ 0.085(syst.)

» Right handed: f, = 0.110 £ 0.059(stat.) + 0.052(syst.)

New top property measurements possible by using both the
electroweak single top production and the strong top pair

production
« constraints on anomalous Wib coupling
T, =2.051027 GeV

First direct measurement of quark antiquark mass difference:
em,—m; =3.8%+3.7GeV

More top property measurements to come this summer







Anomalous coupling

Can combine the W helicity and single-top production rates (separated for s and
t channels) to fully specify the Wtb vertex [Chen, Larios, and Yuan, Phys. Lett. B 631, 126 (2005)]

DA published a variation on this idea [phys. Rev. Lett. 102, 092002 (2009)] @S follows:

Start with the most general CP-conserving Wtb vertex up to mass dimension 5:

Liws = 5W b (fLPL+ [{'PR)t — (fo'Pr + f2'Pr) t
+ h.c.
SM has: f,=1, f,l= fR=f,R=0

Liwy = %WM_BW (fiPr+ fi*P

Wiidlioilivo Al U 1vVYVvy

- Need some assumptions:
* real couplings (CP-conserving)
» Wtb dominates single top production and decay
 only one non-SM coupling at a time - three scenarios
 only f;-, and f,% non-zero (interfe\r Wa W, bo™v (fQLPL i f2RPR)

* only f;t, and £,k non-zero P ) f g9 g 4+ h.c.
only f£, and f,® non-zero * £ V2 My Y

} As in V,, measurement




R, discriminant

» e+jets: the leading jet pT , the maximum DR between two of
the four leading jets, A(aplanarity), C(surface area), and
D(volume) from the momentum tensor

 mu+jets: A, D, HT(4 jets+muon), pT3+pT4, MT(jets),
M(3jets)/M(4jets+I+MET)

L=0.9fb' - DO Data
LI
M other
I Wijets
B Multijet

[22]
b
[ ==
(3]
>
(<}
S
o
£
[
£
£
=]
=

Probability density
functions

S - ttbar, B- W+jets 02 04 06 08

Likelihood discriminant




Results

From fit Ensemble testing
D@ Run I to find limits:
Correlation

-58%
D@, 0.9 fb’

: |  68% C.L.

95% C.L.

68% C.L. 95%CLL.

9% CLL.

Insensitive to m,

R, = 0.977002 (stat + syst)

For m,=175 GeV: Ry > 0.88 @ 68% C.L.

O = 8.18Jj8:§2 (stat + syst)

§ 0.50 (lumi) pb R, > 0.79 @ 95% C.L.
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More on R,

L=0.9fb' - D@ Data
B
¥ other
" Wijets
B Multijet

1 >2
Number of tagged jets

Source

Statistical

Lepton identification
Jet energy calibration
W+jets background
Multijet background
Signal model
B-tagging

Other

Total

8o(pb) R
+0.67-0.64 +0.067-0.065
+0.32-0.27 n/a
+0.32-0.23 n/a
+0.21-0.23 n/a

+0.17 +0.016
+0.12-0.25 n/a
+0.10-0.09 +0.059-0.047
+0.24-0.13 +0.015-0.014
+0.90-0.84 +0.092-0.083




Measuring the top width

Standard model Difficult to measure directly
[,=1.3GeV (for m=170GeV) (but see CDF talk)

Indirect measurement:

Can combine the R, and single-top t-channel cross

section to extract I'(1> WD) (c.-p. Yuan, e.g. arXivihep-ph/9604434]

- “effective W approximation” > The Wib vertex factorizes

= 0,,x Proportional to I'(z>Wb) even in the presence of
P anomalous Wtb coupling

Assuming the above

production mechanism 4
e no FCNC $\Gamma_t=\frac{\Gamma\left

R, = B(t—Wb)

.« |Vid|, [Vis| small (t\to Wb\right)}{{\rm - — B(t—Wyg)

B}\left (t\to Wb\right) }

Assume;

B(t— Wgq) =1




Width

Method

Reinterpret the t-channel cross section measurement as:

0B = opgx - B (t = Wb) = 3.14725 pb

Wib also effects
the decay

. B ['(t—Wb)
Yielding: A (t — Wb) — B(t:Wb) O'tqu,S]\iM

cB F(t_> Wb) S M Both calculated at
B(t—>Wb> O'tqu,SM (pure) NLO QCD

B(t—Wb)

Redo the statistical analysis of t-channel x-section measurement
» same selections, 24 channels, same discriminants, etc. (see A. Heinson’s talk)
» extracting the widths instead of o

« priors flat in the widths

e and....




An indirect measurement

All supported by experiment!
Most precise
measurement

* No FCNC production

* |Vid|, |Vis| small
«B(t—Wgq)=1

Assumptions:

+0.55
0.46 GeV
2.057">7 GeV

\\
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7| Expected T, = 1.38"’
1 m ObservedT,
+1.1 _95
(3.27g7) - 107%s

D@ Run Il Preliminary, 2.3 fb"

N

Thatis: Tt




Top width systematics

Relative Systematic Uncertainties

Sources t-channel R measurement Correlations
Components for Normalization
Luminosity 6.1% 0.0%
Single top signal modeling 3.5-13.6% 0.0%
Top pair production signal modeling — 1.0% X
Other background from MC 15.1% 0.6% X
Detector modeling 7.1% 0.1% X
Components for Normalization and Shape
Background from data 13.7-54% 1.7% X
b-tagging 2-30% 6.3% X
Jet Energy Scale 0.1-13.1% 0.0%

I, =2.0570°57 GeV

['(t — Wb) =1.901035 GeV




Am

Method

* A variation of the D@ |+jets matrix-element mass measurement
with ~1 fb-1 (PRL 101, 182001 (2008), see O. Brandt's talk)

» Separate the top quark from the top antiquark by Iepton charge
* solenoid and toroid polarities routinely reversed &

* unfortunately (?) can’t switch detector to anti-matter
« arguably the trickiest experimental aspect - bJES vs. bJES
studied in data and MC (K+ vs K- interact with matter differently)

— Am enters: " Wasted PR
T TRp Rl - the matrix elements (incl. decay terms) opportunity
N e - the acceptance, and
,,,,,,,6,__Y(155'175),,,_’(170475),,,%,(,1,7,5=175) :‘,(1,50,-,175);/, ® the MC
‘ - modified Pythia to generate events
A with m, # m,
B e g 185168), 170,168) W 175168) o . ) 1D ||ke||h00d

D g0 SN 2D likelihood .
S | : inte A= m, —m;
" >, P inm, &m;

175 180 185
gen, 2
M"[GeV/c?] or mg, ..




Outline

top quark @ DY W helicity Wib structure




Delta m systematics

Source Uncertainty (GeV)
Physics modeling
Signal 2=().85
PDF uncertainty +0.26
Background modeling =003
Heavy flavor scale factor 0T
b fragmentation +0.12
Detector modeling:
b/light response ratio +0.04
Jet identification £0.16
Jet resolution +0.39
Trigger +0.09
Overall jet energy scale +0.08
Residual jet energy scale £0.07
Muon resolution £0.09
Wrong charge leptons £+0.07
Asymmetry in bb response =042
Method:
MC calibration $0.25
b-tagging efficiency =025
Multijet contamination +0.40
Signal fraction =010

Total (in quadrature) otz (20




Delta m in matrix elements

my —1)"+ (m5 — )"+ 2mymyS]

2

A)

4
9 e =
M|T==FF
A=

[(El — p1cos 9)2 + (£ + pacos 9)2 + 2mlmg]

Decay terms (F) take into account the corresponding mass




