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Outline

* A little about the Top Quark at the Tevatron
- What is Acz? How we measure it and why we care
- Standard Model Predictions

* Reconstructing tops/anti-tops and "Raw”
Measurements of Ag; in both Lepton+Jets and
Dilepton events

- Raw Asymmetry results
- Checks: "Is it real? Should I take this seriously?”

* Going beyond the Raw measurement: "What do
inguiring Minds Want to Know?”
- Corrected Ay CDF Public Notes
- Differential Measurements of Agg : CDFNote 10436: Dileptons

. : « CDFNote 10774: Lepton+Jets
Summar'y Gﬂd Cgsglgoizgniexas A&M | * CDFNote 10807: Differential

June 2012 CIPANP, A.; in Top Quark: Measurements




Top Quark and the Tevatron

- “Just the facts Maam"

* Heaviest of the known particles
- Mass ®172.5 GeV/c?
+ Considering top quark pairs produced at
the Fermilab Tevatron
- Sqrt(s)=1.96 TeV
- Just completed its data taking phase

- Collected 8.7 fb-! of data useful for these
analyses

- Cross section #7.5 pb
~>Total of about 65k produced
~>Identify and study about 3,000

David Toback, Texas A&M University
June 2012 CIPANP, Ag; in Top Quarks at CDF



First things first...

° Whaf IS AFB‘?
* How do we measure Agg?

» Why do we care?

-Standard Model
Predictions

-Possible New Physics
Models

David Toback, Texas A&M University
June 2012 CIPANP, Ag; in Top Quarks at CDF




What are Az and AY?

In proton-antiproton collisions can
measure the forward-backward
asymmetry (Agg) in the production
angle

p(q.g)

Transform from ©, to rapidity (y)
Invariant under longitudinal boosts

Rapidity difference is a good proxy,

for production angle Ay = MAy > 0) = N(Ay < 0)

N(Ay > 0) + N(Ay < 0)

Measure Ay = y; — yz, where y = Sin( +?)




A FB i n the Born + Box Interference

Positive Contribution to Agg
Standard Model

- Standard Model has T
no asymmetry at LO -

; NLO has ISR/FSR Interference
|n1'er'fe.r'ence '|'er‘mS Negative Contribution to Agg
that give a small \ .
asymmetry D+

- Some uncertainty
regarding theory
predictions
- Use POWHEG central

value and a 26% POWHEG: JHEP 0709, 126 (2007)

Cor‘r‘ec.rion fOf‘ EWK EW Corrections: Phys. Rev. D 84,

contributions 093003 (2011); JHEP 1201, 063
(2012); arXav:1201.3926[hep-ph]

A =6.6%

David Toback, Texas A
June 2012 CIPANP, Aq; in Top Quarks at CD



Examples of New Physics That
could give a Large Agg

Two main classes of models ! 'f-
+ S-channel mediator > <
- e.g. axigluon M
* T-channel flavor changing
mediator
-eg. WorZ q t
{q t

Although mam{‘ of these have strong
constraints, they provide a good model
for searches

For a review see: | \/
M. Gresham, I.-W. Kim and K. Zurek, |~

Phys. Rev. D83 114027 (2011)

David Toback, Texas A&M Univer:
June 2012 CIPANP, Ag; in Top Quarks at CL, 7



Selecting Top Quark Events

Lepton+Jets Dilepton
Final State - Final State

W v z
I g f< , q ¥ Y & b :
_ o o
= f b ] W g
W~ q q by \
g b
* 1 reconstructed lepton 2 reconstructed leptons
* Missing transverse energy * Missing transverse energy
« 24 jets (1 b-tag) « 22 jets
« JE; > 220 GeV « JE; > 200 GeV
Bigger branching fraction, more final e+ Higher purity sample, but smaller
state particles to measure, bigger branching fraction, two leptons have
backgrounds better angles, but two neutrinos

June 2012 CIPANP, A, in  cause reconstruction ambiguities



Events Observed and Expected
from Backgrounds

Lepton+Jets Dilepton
8.7 fb-1 5.1 fb-1
Process Events
WW 11.7T + 2.4
W + Heavy Flavor 241 + 78 W 3.5 £ 0.6
Non-W (QCD) 98 + 51 L. 234+ 18
W + Light Flavor 96 + 29 Wi 0.4 + 0.4
Single Top 33 + 92 DY — 77 123 + 2.2
Dibacon 19 + 3 DY — ee 4+ pup 224 4+ 3.2
i 18 4 9 Fakes 3.3 £ 147
Total Background 505 + 123 _ 4 237.1 £ 11.3
Top Pairs (7.4 pb) 2037 =277 [otal 324.0 £ 28.3
Total Prediction 2542 + 303 Data 334
Data 2498

‘Excellent agreement Fairly pure samples



Reconstructing tops and anti-
fops as well as their kinematics

Reconstruct full tt system kinematics using a fitter
Constrain to measured W mass and top masses

Let reconstructed objects float in fitter within resolution
Deal with ambiqguities by taking best fit of matching to

parton level
Lots of things can go wrong, but this shows that things we
can't fix are well understood Results from Lepton+Jets
CDF Run Il Preliminary L = 8.7 fb” CDF Run Il Preliminary L = 8.7 fb"
; 2000 :_ —— I+Jets Data f —— I+Jets Data
% 1 51]0';:"_ - ::: (QCD + EW) i + Bkg % - ::: (QCD + EW) ff + Bkg

1000 F

500F

0 - . ==
0 10 20 30 40 >0 60 70 80 90 19[} 0 10 20 30 40 50 60 70 80 90 I?D

4 2X
June 2012 CIPANP, Ar; in Top Quarks at CDF 10



Raw Asymmetry

Detector and measurement effects
reduce/washout some of the overall asymmetr‘y

CDF Run Il Preliminary L =

8.7 b’

[ —— I+Jets Data
B Ay =0.066 £ 0.02

- NLO (QCD + EW) tf + Bk
A {uzs W) g

-Bf‘ﬂn
A, = -0.0066

600 | —~—+

=Y
o] o
=2 =
Q o=

Events /0.5

400 — ——

200 -

{}: =_—.—

-3 -2 -1 0 1

Lepton+Jets
Acg pred = 2.6%

Apg data = (6.6x2)%

Answers inconsistent with A;=0 at 3o,
also inconsistent with SM

60 - Yt.,pyb in Lab COF I Preliminary
2 L
c
s L
o0
20
o-j
. N.B: MC for tt prediction
D'lep?ons uses LO only

Acg pred = (-2+2)%
Arg data = (14+5)%



Problems with the modeling?

If we are going to take
this seriously, we need
to trust the kinematic
modeling

Both the Mass and P of
the tt system look well

CDF Run Il Preliminary L =8.7 b

r]

2

o
|

500 —
400F
300
200

100

\ Events / (25GeV/c?)
=

300

—— |+Jets Data

- | NLO (QCD + EW) ff + Bkg

t

400 500 600 T00 800 5
M. GeVic
mOde I ed Lep1'on +Jets CDF Run Il Preliminary L = 8.7 fb"
Di Iep‘l'ons © 10 — |+Jets Data
: __ CDF I Preliny > > | .
2 eol ) A O goof —— NLO (QCD + EW) {f + Bkg
& |1 mf = [ JHBkg
> | 4l ; Gitloe y C
L Rie : [ Fake 600 KS: 29%
T, YL O Y % N R oY £ L ;
: mz o j
i [ WWWzizZ Lﬁ 400 =
| —_—
20 T e 200
05000 soo—ohifesbdu S % 10 20 30 40 50 60 70 80
M, (GeV) P, (tf)
vuviu 1ouuck, Texas A&GM University
June 2012 CIPANP, A in Top Quarks at CDF 12



Independent check: remove the fitting

n and charge?

* Direction of motion of the lepton is

correlated with the parent top quark
- no reconstruction required

* Isn't really the same as Agg since it

includes spin correlations

- Asymmetry again significantly

Events

different from zero

Lepton+Jets
Dileptons

N+ = M- CDF Il Preliminary
gofAre data = (14s5)%  JLazge T
L - Fake
- oY
40 ................. ......................... |:|Z—)1:1:
L mwwiwzizz
20[ Lo _________________________
: . ko
0! ] Al
-2 0 2 ¢, Texas A&
A

b in Top Quc

Effect still there using just the lepton

proton

antiproton

0
w* V
q g t
q i b
w- q
g

Events/ 0.25

CDF Run Il Preliminary L = 8.7 tb™

- E;j:lsu%i 0.0 Apg data = (6.5+2)%
2 NLO (QCD + EW) 1T + BKg
A__ - 0.025
am Bkg _
A, = 0.062 %
—+ =
+++ + .
—+ — -
—+ -
- == S
U N Ml " _EFE BPEPECECE BPECECEE BRI SR A N N
2 -15 -1 05 0 05 1 15 2



Check: Effect still exist in

Background Dominated Region?
Example in Lepton+Jets

- Same data, but

requ"‘e no b_-‘-agged _ e CDF Run Il Preliminary L = 8.7 fb*
- T A, =0.027+0.014 Exactly 0 B-Tags
Je'l's 515[“3" : HE:{Q%E" EW) £t + Bkg
= _ mEm B
-Lots of data, mostlya Aro= 0016

1000

background

* Expect a small :
asymmetry (2.1%) .

- Observe a small I
asymmetry (2.7%)

500 |

David Toback, Texas A&M University
June 2012 CIPANP, A in Top Quarks at CDF 14



Beyond the Inclusive Raw
Measurements:
Inguiring Minds Want to Know

Goals:

* Calculate parton level quantities to
compare to theory

+ Does the asymmetry depend on any
observables? Should it?

- Can we look at these differential
asymmeftries at parton level/?

David Toback, Texas A&M University
June 2012 CIPANP, A in Top Quarks at CDF 15



Standard Model Predictions

- Asymmetry expected
to vary with the mass |
of the tisystem as
well as the cos(6,) ‘ m,
-Again use Ayas our .
best measure o R _

» Expect an
approximately linear -
dependence

0.8 1.0
cos(8)

Plots from L. Almeida, 6. Sterman and W. Vogelsang

Davic Phys. Rev. D78, 014008 (2008)
June 2012 CIPANP, Aq; in Top Quarks at CDF 16



Let's do 4 separate types of
things...

Differential
Arp Raw

Differential
Arg Corrected

David Toback, Texas A&M University
June 2012 CIPANP, Ag; in Top Quarks at CDF 17



Dileptons: Asymmetry vs. Mass

* Measure the Asymmeitry for low mass
and high mass separately

- Small trend upward vs. My; in dileptons

| Ay, (M&:< 450 GeV) CDF Il Preliminary:r ) AY, (M&.:’ 450 GeV) COF I Preliminary
20
ofi .
N.B: MC for
M1-1.<450 GCV/CZ MTT>45O GCV/CZ tt prediction
- uses LO only
Arg pred = (0.3£3.1)% Acg pred = (-4.0+5. 5)%

Arg data = (10.5£6.6)%  vexes Apg data = (12.219. 6)%

June ¢U1¢Z CLPANP, Agg in Top Quarks at CDF



Lepton+Jets:
Asymmetry vs. Mass

CDF Run Il Preliminary L=8.7 fb™

+ Observe same trend <™ &fem = oo
g 600f -Eﬁﬂ 0.0081
with higher statistics : L

400 -

- For M <450 GeV/c? | _
asymmetry consistent |
with zero (2.122.5)% ~ = * ° " 74

CDF Run Il Preliminary L = 8.7 fb”

° For‘ Mtf )450 GeV/CZ % - i —'— Ei::gnéaiai “Eﬁ;ﬂ - M, > 450 GeVic?
" E - Bﬁﬂn
flﬂd I% 150:_ A, =-0.04 +_+—_+_
1[][};— _+__+__+_
b +
FEESLEE L e
K -2, -1 0 1 2 3

2012 David Toback, Texas A&M ()”niver'sn‘y Ay,
June CIPANP, A in Top Quarks at CDF 19



Lepton+Jets
Asymmetry vs. M; and |AY]|

CDF Run Il Preliminary L = 8.7 fb™

* Can move beyond two bins g ,[—wessmss
with full dataset [ nbgcasmt P
+ Look at the differential 0af ]
Arp as a function of M; ;
and |AY| after background oz
subtraction : |
° D=—=
© SM rl'ec:!cfs both to be 355305 750580557560 8E0 700750 o
roughly linear M, Gevic?
- Observe a linear dependence ¢ osF—wmomae
in the data < o
- Slopes are 3c from zero and Tp cwTeTaw >
inconsistent with SM 03F <
predicted slopes E
- p-values less than 1% from :
SM 01F
o

Can the numerical values of these slopes be useful

Dﬂ [}3 'D_If-l D:ﬁ [}iB 1 1:2 1:4 1_IE 1:
. fay]
to model builders?



] Working back to
..+ |.| Parton Level Agg

proton

antiproton

22

1
B
o
=r
3
&
=
o

- Correct for
- Finite detector resolution

- Smearing from incorrect
reconstruction

- Selection Cuts
- Geometry
- Trigger
- Statistics
- Acceptance correction bin-by-bin
of Monte Carlo truth before and

1 rsity
after selection - rsit ’t




A Full Correction Matrix Method
I

e
o

e
o Wi

- Use Monte Carlo

to estimate e
de'reCTOF' PZSPOHSZ E_M 17500

5000
2500

functions

. —2.00-15-1.0-050.0 0.5 1.0 1.5 2.0
* Ma?r | x MethOds True ﬂC%F Run Il Preliminary L = 8.7 fb™
* Returns parton o
level distributions "+ L

- Can subtract off IS L,

0.5

backgrounds L

uIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
-2 -1.5 1 0.5 0 0.5 1 1.5 2

Parton Level Ay

Many potential sources of uncertainty, but no known biases
Measurement precision dominated by statistical uncertainties 22



Parton Level Asymmetries

Differential values of Asymmetry well

. . . . Lepton+Jets
described by a linear relationship only
CDF Run Il Preliminary L = 8.7 fb” CDF Run Il Preliminary L=8.715 '
£ [ ——1sJets Data & - —— l+Jets Data
< [ o, =(306+86)x10° Losf o, =(15.6=50x10* v
06  (Correlated Uncertainties) P os - (Correlated Uncertainties) A

- — NLO (QCD+EW) — SE — NLO (QCD+EW) ff
i 0Ly, = 10.3x107? I / o 5 auﬁ = 3.3x10™ /V
04— B

: / 03 | / ‘
n.z_— — “-Zf—
I —— -

|-:-/=f | 0f _—_,17‘47-3_4

||||||||||||||I|||||||||||||||||||
O 02 04 06 08 1 12 14 18 18 2 g&nmuﬁﬁllmﬁénﬁillnﬁ;iu?l;u?sn

Parton Level[ay| Parton Level M_ (GeVi/c?)

slope

DATA (15.6+5.0)x10™* (30.6+8.6)x10~*

Slopes are 3c from zero
and inconsistent with SM

SM 23 x 10 | 10ax102 b pr'edvlcted slopes
Top Quarks at CDF 23



Summary and Conclusions

Completed two independent studies of Agg in top quark
events using the Lepton+Jets and Dilepton Final states

Asymmetries often 3c away from zero, and consistently
larger than NLO predictions

- Observed in both datasets

- Robust against multiple checks of backgrounds and
reconstruction procedures

Both raw and parton-level differential Asymmetries
indicate a linear dependence on both M;; and |AY|

Have just begin an exciting program ahead of us
- More studies of Lepton+Jets events
- Full dataset in Dileptons (add b-tagging)

- Collaborating with our friends across the ring, across
the oceans and theorists around the world

David Toback, Texas A&M University
June 2012 CIPANP, Ag; in Top Quarks at CDF
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Backups

David Toback, Texas A&M University
June 2012 CIPANP, A in Top Quarks at CDF

25



Backup Slides
on P+ of the tt
System



@ Dependence of Agg on AT
transverse momentum of tt p
system is very important '

@ Sensitive to detailed QCD Backward
effects

e (Very) rough explanation: In
events where top is backwards,
color flow from proton to top t
bends sharply, leading to a
“color bremsstrahlung” p

@ [hat is, backward events tend

to have higher tt pr Forward

@ Leads to positive Agg at low pr,
negative at high pr, even at LO

o Also NLO ISR/FSR interference (NOT Feynman diagrams!)
contributes p1 dependent Arp

David Toback, Texas A&M University
October 2011 Research Topics Seminar 27



L .
<{ 04 — Powheg + Pythia
0.3 — Pythia
0.2 — MCFM

-0.3
-04
05 'l PR P FETEE PR N P P T ST Feaes

0 10 20 30 40 30 60 70 380 90 100
D
@ POWHEG, MCFM, PYTHIA truth

@ All same general shape: positive at low p1, negative at high pr

David Toback, Texas A&M University
October 2011 Research Topics Seminar 28



Events /(10 GeV/c)

P+ is important

* Mostly because CDF and Dzero get
different results.

* Results clearly depend on which MC you
use

+ Also must depend on the reconstruction of
your kKinematics

LI

CDF Run Il Preliminary L = 8.7 fb'

8001 o 1000 _
—e— l+Jets Data - Bkg > +Jets Data
- - NLO (QCD + EW) ff + Bk
S e —— POWHEG+Pythia Q soof —— ( EW) g
000 = n ¥ Bkg
- —— MC@NLO+Herwig = -
I —— » 600 KS: 29%
—— Pythia, CDF Tune A = - — —
400p—+— _ g _-—¢—
i —— Pythia, No ISR L 400
] — -
200 200
' 0
............................. T T I T T R
00 10 20 30 40 50 60 70 80 90 100 B (ﬁ)
T

tt P; (GeV/c)

TUP Wuurns uil vur 29



Arg

0.3

0.2

0.1

October 2011

CDF Run Il Preliminary L = 8.7 fb”

—— |+Jets Data - Bkg
- Powheg
.-« Pythia

e Our data (background
subtracted) shows a similar
dependence on pr

@ Larger overall asymmetry

@ Shape compatible with SM
predictions from POWHEG and
from PYTHIA, total asymmetry
not compatible

David Toback, Texas A&M University
Research Topics Seminar 30



Backup Slides on
the Systematic
Uncertainties...

Small compared to
the sta'rlshcal

David Toba k s A&M Umve sity
June 2012 CIPANP, A, p Quarks at CDF




A Full Correction Matrix
Method

@ Estimate detector response 1.5 20000
matrix S from Monte Carlo 1.0 17500

=
| . 3 s 115000
@ Linear equation foL correcteﬁ 5 112500
data X from data b: SX=b 2 110000
JR e g 05 17500

@ Inverse problem is ill-conditioned =
. -1.0 5000
@ Can only be solved in least . 15 5500

squares sense (min ‘5)_(' — bl ) —2:90-15-1.0-050.0 05 1.0 1.5 2.0
True Av

CDF Run Il Preliminary L = 8.7 b

e Even lthen, sollutlion grosslyl | 5 [ esom
magnifies statistical imprecision ;;'-: b ACDIEW) &
2 [ AL=0.066 ——
@ Use technique from math. ﬁﬂw-_ —T
stats.. Tikhonov regularization i :
(Hocker and Kartvelishvili 1995) ' —t—
@ Expect true parton level n.sf— )
distribution to be smooth e T
-2 1.5 1 0.5 o 0.5 1 1.5 2

Many potential sources of uncertainty, but no known biases Parton Level Ay

Measurement precision dominated by statistical uncertainties 32



Systematics for Lepton+Jets
Unfolding

CDF Run II Preliminary L = 8.7 fb™!

Source Systematic Uncertainty
Background Shape 0.014
Background Normalization 0.011
Parton Showering 0.010
Jet Energy Scale 0.005
Initial and Final State Radiation 0.005
Color Reconnection 0.001
Parton Distribution Functions 0.001
Correction Procedure 0.003
Total Systematic Uncertainty 0.022
Statistical Uncertainty 0.041
Total Uncertainty 0.047

David Toback, Texas A&M University
June 2012 CIPANP, A in Top Quarks at CDF



Dilepton Systematics for
Corrections

CDF II Preliminary

Source O A e
Background shape 0.043
Detector effect 0.010
Signal MC stat. 0.010
Signal MC 0.018
ISR/FSR uncertainty 0.015
Jet energy scale 0.008
Color reconnection model 0.011
PDE 0.004
Systematics total 0.053
Statistical uncertainty 0.148
lotal uncertainty 0.157

David Toback, Texas A&M University
June 2012 CIPANP, A in Top Quarks at CDF



SYSTEMATIC UNCERTAINTIES

Correction procedure introduces systematic
uncertainties related to the signal model, in addition

to the background uncertainties discussed previously

Total is small compared to the statistical uncertainty

Background Shape 1.4
Background Normalization 1.1
Parton Showering 1.0

Jet Energy Scale 0.5
Initial/Final State Radiation 0.5
Color Reconnection 0.1
Parton Distribution Functions 0.1
Correction Procedure 0.3
Total Systematic Uncertainty 2.2
Statistical Uncertainty 4.1
Total Uncertainty 4.7

David Toback, Texas A&M University
October 2011 Research Topics Seminar
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Random Slides I
didn't use but
could have



» After DIL event selection, likelihood fitting is applied to
reconstruct the direction of t and tbar and Ay,

L (p,,pp. By E3) = P (piﬁ) P (;}EE)
L _l {Ej}gflﬁ - Ejilgﬁs }2 " L exp | — l {E;Et%m _ Ejilizss }2 )
2 ﬂl J.]"E“TCE ) 2 | Jj&fz

Tietl
L exp LR L « —r_ exp N
oMET 9 oMET o MET 9 [T ] :

exp

- Resolution functions of JES, MET and probability functions
of Py, P, are estimated from MC samples

David Toback, Texas A&M University
October 2011 Research Topics Seminar
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Checks with Leptons in L+J
Probably for backups

CDF Run I Preliminary L = 8.7 fb~!

Sample

Arpp (% [stat.+syst.]) Ar (£

Inclusive

stat.+syst.|)
M, < 450GeV /c?

Arp (£ :_._w't.al.—l—b:i_\‘-“ﬁlg'}
M,z > 450GeV /¢

All Data

0.085 £ 0.025

Positive Leptons
Negative Leptons

(0.025 &+ 0.031

0.100 + 0.037
0.071 £ 0.035

0.044 + 0.046
0.008 + 0.043

0.198 + 0.043
198 + 0.060

Exactly 0 b-tags
Exactly 1 b-tags
At least 2 b-tags

0.056 + 0.052
0.103 £ 0.030
0.034 £ 0.046

0.079 £+ 0.066
0.039 + 0.037
-0.014 £ 0.057

0.005 £ 0.085
[ ._”h + (.050
0.122 + 0.077

0.
(. I‘I'E~. + (0.059
).
)

Electron Events
Muon Events

0.058 £ 0.038
0.107 £ 0.034

-0.018 £ 0.048
0.060 £ 0.041

0.199 + 0.062
0.197 + 0.057

June 2012

David Toback, Texas A&M University
CIPANP, A in Top Quarks at CDF
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Dileptons Summary

CDF ITI Preliminary
Ay,

Agpe = 0.14 + 0.05(stat.)
Agp = 0.21 £ 0.07(stat.) & 0.02(bkg. shape)

Apre = 0.42 4 0.15(stat.) 4 0.05(syst. )
= 0.424+0.16
Any:
A5 = 0.14 4 0.05(stat.)

obs

A2 = 0.21 + 0.07(stat.) £+ 0.02(bkg. shape)

sub

David Toback, Texas A&M University
June 2012 CIPANP, A in Top Quarks at CDF



