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The Fermilab Tevatron 5
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The birthplace of the top quark,
observed in 1995 by CDF and DO
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Top Quark Production at Tevatron
= QCD pair production ~85% ,, ~15%
Osm = 7.35+0.28 033 pb / |

(for my,,= 173 GeV) \ - £ < T

(arXiv:1303.6254) Dominant process Dominant process

at Tevatron at LHC
Tevatron is the right place to study the qq annihilation in t+ production
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Top Quark Production at Tevatron

= QCD pair production ~857% ~15%

t t
Ogm = 7.35048 53 pb / D <

(for my,,= 173 GeV) \ - f

(arXiv:1303.6254) Dominant process Dominant process

at Tevatron at LHC
Tevatron is the right place to study the qq annihilation in t+ production

e EWK single—’rop production s-channel t-channel
> s-channel: ooy, = 1.04 + 0.06 pb g ~33% ¢ IS TR g
» t-channel: 6., = 2.1+ 0.1 pb W+

(for my,,= 173 GeV) i

PRD 83, 091503 (2011) | ) b t

PRD 81, 054028 (2010) q h

PRD 82, 054018 (2010) g i

arxiv:1210.7813.

= Single top associated production Wt: ¢ ~ 0.2 pb, oo small at the Tevatron
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SM predicts BR( t — Wh) & 100%

b quarks
are always
present

Decay lifetime

ny/
. e
Primary vertex
/
%\ /
do v

Prompt tracks

O e-e(1/81)

B mu-mu (1/81)
M tau-tau (1/81)
Ee -mu (2/81)

® e -tau(2/81)

B mu-tau (2/81)
E e+jets (12/81)
B mu+jets(12/81)
B tau+jets(12/81)

O jets (36/81)

tracks

»
-

//%econdary vertex

/

Jet

W+

Event topology determined
by the W decay modes

For ttbar pairs:

=Dilepton (ee, py, ey)
—BR = 5%, 2 high-P+ leptons
+ 2 b-jets + 2 neutrinos
=Lepton (e or p) + jets
—BR = 30%, single lepton + 4
jets (2 from b's) + 1 neutrino
=All Hadronic:
—BR = 45%, six jets, no

heutrinos
=T+ X
— BR = 20%
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‘ Study of top quark properties m

= Since top discovery, ~ 20

I \%
years of top properties ) 3
STUdleS rfw%m\;( [ Top mass ]
. ‘W
= With full Tevatron Ny
dataset, era of precision 7 N
measurements reached ———

i §
v
| =
L+
1}
T
1]
—
]
-
Q

“\\\\ Wi\
<|
Ql

] IS The ObServed Top quar‘k Production Cross Section

. [Decay modes]
Resonance production ?
The i;andar‘d MOdeI TOP Production kinematics LBranching ratios]
quar‘ ’ . . SM :_CKIVI matrix element |Vip|
" Any confribution from new ——
. ew sics ?
physics? ’

[ Rare decays
t->Zc/Yc, t->WZb, ...

( Forward-Backward
asymmetry
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‘ Study of top quark properties %

< ® Will present some of the properties measured in ttbar events
y in lepton+jets and dilepton channel, and the EWK single lepton
< channel, using up to the full RunII dataset (~9 fbl):

; = ttbar production cross section

C — single top production

f — evidence for s-channel production

= top mass

= Apg asymmetry v,aq
—=Other top quark properties:

—Branching ratios & V,, measurement Vib
—=Width of the top quark

TS S N\ =

g

= Spin correlations
ard

=W helicity in top decays

— —Search for new physics in top production

9
o
@



‘ Top pairs production w

= Top quark is a very special particle: 4
— Heavier than all known particles 103 r
= decays before hadronizing — 102 r
v Properties can be studied from % 10 | °
distributions of decay products O 1
. . L - 10 B
= Measuring the production cross section is the & ol ¢ 7
first step in understanding any selected ttbar @ 10 5
sample Eq0'F w
= Test of theoretical QCD calculations 10 d
u
| 10°f e
= New physics can cause: >’
= Change in overall production rate 9
L 10° I v
= Change of rate in different channels 10% Yo '
107 ve
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‘ ttbar production cross section w

= Top pair XS measured in different decay channels
= Recent Tevatron combination:

= Precise measurements from each experiment are
combined for a detector and a Tevatron combination

—Combination is performed taking into account
statistical and systematic correlations

|CDF DO | | Tevatron

Central value of o, 7.71 T.56 7.65
Uncertainties Clorr.

Statistical 0.31 0.20| no 0.20
Detector modeling 0.17 0.22| no 0.13
Signal modeling 0.22 0.13| yes 0.18
Jet modeling 0.21 0.11| no 0.13
Method 0.01 0.07| no 0.03
Background from theory 0.10 0.08]| ves 0.10
Background based on data 0.07 0.06| no 0.05
£ boson theoretical normalization | 0,13 0.00] ves 0.08
Inelastic pp cross section 0.05 0.32| ves 0.16
Luminosity detector 0.06 0.33| no 0.14
Total systematic 0.40 0.56 0.36
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‘ ttbar production cross section w

Tevatron Run 1l
CDF dilepton il —] 7.1:91-9._3_3 - B.5fp"
CDF ANN leptons]ets =] 7.82£0.56 4.6 fb' . . .
BRGSO Per experiment combination:
CODF SVX lepton+jets e —y 7.32+ n'.r1 ey 4.6 fh
e el —] 7.21+1.28 2.9 fb"
CDF alljets T CDF
CDF combined =y 7.63+ 0.50
£ 0.31+ 0.29
DO dilepton ——i 7.36 + 0.85 54 fb" 0= 763 ks 050 (STGT"'SYST) Pb
DO lepton+jets 1 7.90 + 0.74 5.3 fb”
DO combined —ei—i 7.596+059 DO
Tevatren combined s S| TEDtIDiIl;I - o= 756 + 059 (STGT"'SYST) pb
m, = 1725 GeV 0,20 + 0.36
Li s s s Bl pogoeinsl o 5 5 5

G 7 8 a
pP — tt cross section (pb) at\/s=1.96 TeV

Consistent results from the different channels, methods, and
detectors
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‘ ttbar production cross section

Tevatron Run 1l
CDF dilepton =] 7.00+ 0.583 B.5fp"
CDF ANN leptons]ets =] 7.82+ 0.56 4.6 fb'
£ 0.38 + 0.41
CDF SVX leplon+jets e 7.32+ 0.71 4.6 b
L 0.36 + 0.61
CDF all{ets _— — 7.21+1.28 2.9 fp"
+t0.50+1.18
CDF combined =y 7.63+ 0.50
t0.31+ 0.39
DO dileptan f——— 7.36 + 0.85 5.4 fb"
D lepton+jets et 7.90+ 0,74 5.3 fb'
DO combined | s i | 7.56 + 0.59
¢ 0,20+ 0.56
Tevatron combined [l i | 7.60+ 0.41
m, = 1725 GeV £0.20+0.36
Li s s s Bl pogoeinsl o 5 5 5

T a

-]
pp — tt cross

Tevatron combination:

8
section (pb) at\/s=1.96 TeV

o= 7.60 + 0.41 (stat+syst) pb

=+ [Maasured olpf— t+X)

(]

= Measured dependence of o
=5 = NKLO+MNHNLL GCD

| IR T IR TR R -
568 170 172 174 178

Top quark mass (GeV)

Experimental uncertainty 5.4%
Theory prediction: #4%

NEW!
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‘ EWK Single top production w

3 production processes:

TeV: 1.04+0.06 pb 2.1+0.1 pb 0.22+0.08 pb
LHC8: 5.6+0.2pb 87+3 pb 22+2 pb
s-channel t-channel

g i q’ q
W*
q b g b W

b

= Give access to the W-t-b vertex: o ~ [Va]?
= Allows direct measurement of CKM matrix element |V, |
= Challenging measurement — extract small signal out of a Ve
large background with large uncertainties ’—Q
*Use of multivariate techniques is mandatory

— No single variable provides enough sighal-background separation
= Cross section of s-channel at 8 TeV LHC only increased a little

compared to Tevatron — s/b ratio lower for s-ch at LHC
= Single top quark observed by CDF & DO in March 2009
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‘ Single top: s+t channel cross section w

W + Jets, > 1 b-Tag CDF Il Preliminary 7.5 b

= Starting from lepton+jets da‘ra—seT{% 800f + CDF Data

Ev

600 WWLF
EZ+Jets
¢+ [l Diboson

Eacb

= CDF NN analysis 7.5 fb-!

= Added new lepton category to
Increase acceptance

= Train NN with 11-14 variables T 05 0 05 1

NN Discriminant

(d) D@ 9.7fb"
= DO multivariate analysis 9.7 fb-!

= Optimized selection for s-channel

= DO has used three different
techniques: BDT, BNN, ME

o W+jets
Z+jets/Diboson

40

i
B Multijets

N
o

Yield [Events/0.02]

007 08 09 1
Ranked t-channel discriminant

LC13, ECT* Trento September 17, 2013 13 Sandra Leone INFN Pisa



‘ Single top: s+t channel cross sec’rionw

= -1 - 2
CDF 7.5 fb! (mt=172.5 GeV/c?2) Note 10793 Main systematics:
= 0(S+T) = 3.0 +06 05 pb (£ 19%) . B-quging
= DO 9.7 fb! (m,=172.5 GeV/c?) arXiv: 1307.0731 " Wejets
normalization
= O(S+1’) =41+0.6 pb (+ 14%) »Jet energy scale /
= Previous Tevatron combination (3.2-2.3 fb-): "resolution
o(s+t) = 2.76 *098 .- pb (+21%, m;=170 GeV)
W+Jets, NN Discriminant CDF Il Preliminary 7.5 fb™! NEW!
2 %'0.9 D@ 9.7 fb"
é 0.6:— O = 3.04 :Eo'%zpsbe " 5 g:g Oexpected
% | ssuming m,_ =172.5 GeVic E 0-6 [ =13.35 fg:{'ﬁ: pb
.cm; 0.4 o 0.5 i observed
| o 04 _411f§§:pb
% 02| § gg i
. % 01 N
= b 12 56 7 8 9
Single Top Quark Cross Section o [pb] tb+tqb ss section [pb]

LC13, ECT* Trento September 17, 2013 14 Sandra Leone INFN Pisa



‘ Summary of s+t measurements w

Single Top Quark Cross Section

DO e/u+jets 5.4 fb —— 3.43"°7 pb
CDF e/u+jets 7.5 fb™ —c— 3.04°57 pb
CDF MET+jets 9.1 fb™ o | 3,044 pb
DO e/u+jets 9.7 fb ——1 41125 pb
[ PRo 74 114012 (2008) m, = 172.5 GeV

0 1 2 3 4 5 6
o(pp— th+tqb+X) [pb]
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‘DIPZCT |V;,| measurement from single top w

= Using cross section result to measure |V,,|

9 Omeas
‘th,meas‘ -
: USM
= To transform o(s+t) measurement into V,,, assume:
— SM top quark decay: |Viq|2+|Vis|2«<| Vi |2
= V-A and CP conserving Wtb vertex )
= No assumption on number of families or 316;‘ DO, 9.7 fb
CKM unitarity m 14_ v, |2 1.00+0:20
W.Jets, NN Discriminant CDF Il Preliminary 7.5 fb”’ q’ 12_ - -0.07
: 10;— IV_1=1.00*"

w
TTT

3 [ IV |>078 (QS%C.L.)]

8:_ vV, |>092 @95%C.L.

n
(62}
TTT

Posterior d
ISE-X-.X

—
(62}
TTTTT[TTT

% 02 02 06 08 1
|vm|2

Posterior Probability Density
—_ [ie]
LU I LI I

T
g

83 04 05 06 07 O Measure strength of V-A coupling:

|V,,| = 0.92 *010_, o (stat+syst) + 0.05 (theory) |V, ftyl = 1.12 *009 .
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‘ 2D measurement of o(s) and o(t) w

w Jets, NN Discriminant CDF Il Preliminary 7.5 b
@® CDF Data

» s and t-channel sensitive to different

: =g
. 4__ L
BSM thSICS _ -g!:fz{:CL
3'_ N. Kidonakis, arXiv:0909.0037

= Relax t vs s SM ratio in posterior ;
2

= CDF 7.5 fbh

t and Wt-channel Cross Section [pb]

= o(s) = 1.81 £+ 0.63 pb (£33%) e e e a—
s (1_) - 1.49 + 0.47 pb (£30%) s-channel Cross Section [pb]
2 4@ DG 9.7 fb"
= DO 9.7 fbt: g =10
= o(s) = 1.10 £ 0.33 pb (x29%) 2 : 3 5P
= o(t) = 3.07 £ 0.53 pb (£17%) ; i ’ Vv

2 M sm
- ¢ Four generations
_ O Top-flavor
1 A Top pion
[J FCNC

E‘
2.

3 5
tb cross section [pb]
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First evidence for s-channel

T

D@ 9.7 fb™

£ 140 o hagnel £
5 1.2:” £r Gexpecied 5
s 1 =1.08*3'pp o
B -m 3
.§ 8 Dobnria | E
B i 0.33
» 04- ©
S 0.2" =

ococoo
=

05115 2 25 3 35 4
tb cross section [pb]

T

Single Top s-channel in Lepton+Jets, CDF Run Il Preliminary ( 9.4 b )

o
)
———

. 68% CL

95% CL

<
IS

z g
2l 2
g | 3
I s-ch — +0.44 £
208 Gope = 1-41 54, pb H
o i 2
= oge=1.05+ 0.05 pb °
E N.Kidonakis, Phys Rev.D 81, 054028 n.:
o K]
1 1™
i=] ]
k5 H
17,) o
]
o

0.2

3.8 SD

0 0.5 1 1.5 2 2.5 3 3.5 4
s-channel Cross Section (pb)

CDF Lepton +jets

108 L
60 -40 20 0 20 40 60

10 — SM signal + backgroun

DY, 9.7 b

Expected 3.7 SD
Observed 3.7 SD

—— Background only

ik ----SMLLR=SD
— Observed LLR

.
N
)
o

P I

Log-likelihood ratio

Single Top s-channel in E;+jets CDF Run Il Preliminary, L=9.5 fo™!

0.02

0.01

- 0.65
U:}—:: - 1'10::.55 pb

{o%E" = 1.05 : 0.05 pb)

0.5 1 1.5 2 25 3 3.5 4
Single Top s-channel Cross Section (pb)

CDF MET + jets
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‘ Measurement of top quark properties w

= Top mass — free parameter of the SM
= Several methods explored for precision top mass measurement:
= Many clever tricks to improve sensitivity, such as in situ

systematic uncertainty constraints 805 et
= Most sensitive analyses are lepton+jets from | LEp2 and Tovatron
both CDF(prL 109 152003 (2012)) and DO (pro 84 032004 (2011), <
[4}]
o} 80.4 1

= Other properties — new physics can cause:

= Deviation of the measured top
quark properties from the
SM prediction

LC13, ECT* Trento September 17, 2013 19 Sandra Leone INFN Pisa



‘ Tevatron top mass combination w

u R@SUITS USing Up to 87fb_1 Mass of the Top Quark

March 2013 (* preliminary)
u RUH I Gnd RUH II I"CSUITS CDF-I dilepfon b 167.40£11.41 £:1030£ 4.90)
= Combination performed using BLUE OG- dlepfon 168.40412 8212202 350
. . . « 4. CDF-Il dilept R | S

. lelTed by SYSTemC('hC uncertainties ol e::on i 170020.78 [raieray
. . . . = GRepion 174.0042.76 (+2.36:+ 1.44)

= Dominant: sighal modeling and jet energy | ocipmess = 1.7 corossmn

scale uncertainties 5o leotom .

-Ilepton+jets 180.1045.31 (£3.90+ 3.60)

= Good combination flT CDF-Il lepton+jets | 172.8541.11 (0524 098)
— prObab”lTy Of 670/0 D@1l lepton-+jets - 174;94:1,49 (£0.83:+ 1.24)
CDF- alljets 186.00 £11.51 (+10.00+ 5.70)

CDF-ll alljets m | 172.47+2.07 (£1.43% 1.49)

o o -

u TOTGI Uncer"l'aln'ry Of 0.5 /O CDF-Il track i 166.9049.46 (:9.00+ 2.90)
CDF-Il MET+Jets * T 173.95+1.85 (£1.35% 1.26)

Tevatron combination*  ** 173.20+0.87 (£0.51=0.71)

$°/dof = 8.5/11 (67%)

| | | |

150 160 170 180 190 200
m,,, (GeV/c?)

M’rgp = 173.20 + 0.51 (stat) + 0.71 (syst) GeV/c? rXiv:1305.3929
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Forward backward asymmetry (AFB)w

= NLO QCD predicts small (~7%) asymmetry from qgbar=>t+tbar

= New physics could give rise to an asymmetry (Z” ,axigluons,..)

= Reconstruct the top direction and the rapidity of top and anti-top
quarks

= We use the rapidity difference (AY) of t=»Ivb and antitop t=?jjb,
which is proportional to Y, in ttbar rest frame:

yt X QIepTon : Ay C.' : ?t-\t\‘ : D'

*In terms of frame-independent A, = N@Ay>0)—- NAy <0)
rapidity difference: N(Ay > 0)+ N(Ay <0)

=In terms of rapidity of lepton A = N(q,y, >0) - N(g,y, <0)
from top decay: N(gq,y,>0)+N(q,y, <0)
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‘ Forward backward asymmetry (Agp) w

Lepton + jets system 2 L
3 é 15 ﬁF':E%i_BEg'; 0.020
T F B ——
CDF 9.4 fb! e ——
= Measure Ay spectrum in data o Rl i
= Subtract background distributions N S ——
o %21 ¢
= Correct for acceptance and detector 3.: ‘_+__+_—+—_*_ ——
. 204
resolution effects e
Parton-Level Ay

= Parton level result:

N I D@, 5.4 fb!

- [ Wijets

— A = 0.164 + 0.047 (stat+syst) o~ Bt

¢ Data

Events
P
=2

160

* DO 5.4 fb!, similar analysis: 0o}

= A =(19.6 + 6.0(stat)18_, .(syst) )7
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‘ Angular differential cross section

= cosO of top quark wrt the beam axis in ttbar rest frame

= Asymmetry summarizes the angular distribution in one number: what
component of angular shape explains Agp? s O R TFreTminany TE=3 4 Tor o5

-
= Use expansion in Legendre polynomials: 4nu-_+__+__+__+_ _+_++_+_ -
do (i
¥=Ea18(0089) %
dcosO & 200
NLO 5M tt (Powheg)
100 s Background
= Measure moments a; -ag B — e —
£osa,
£ Pg(.’f}
0 1 CDF Run__l_l Preliminary [£=94/fb  ti=ru+ jets
1 T o8 o
2 1322 -1
3 %(’Eé:ca - 3:3) oo
4 1(352* — 3022 +3) i
5 1(632° — 702° + 15z) o

= Legendre moments consistent with SM
except 1st (2.20): sufficient to explain

S e

Legendre moment (a, )
(=]
%)

—ozl— NLD) SM {PRD 86 034026) —— LO tchanne| (2' 200 Gew/c") i
M A “l|--- LD SM (Pythia) T Data (stat+syst error)
CXCQSS l n FB 04 —-=- LO s=channel {Octat A) ¥ Data (statistical error enly)

2 3
Legendre degree (¢)
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‘ Lepton Forward-Backward Asymmetry w

= Afuse lepton n from W decay
= Insensitive to biases from top reconstruction procedure

= Al kinematically correlated with Agp — At ~(05)A;
(PRD 86 034026)

||~ POWHEG + r+jetsData — Fit Auy,) Forward-Backward Leptnn Asymmetry, %
| Uncertainties: [ ] +1lo(stat. +sys.) mmm +1lo(stat.) — Tt ‘I=bt . . DO preliminary, 9.7fb"
CDF Run T Preliminary JZ'=9.4/f et 1018 : Production Level | 173 jets - New channels

0.2} -

——
3 jets, 22 btags
1 tag - Was high in 5.4fb"!

>4 jets, 1 btag

2 tags - Now has higher
.1 Wﬂgﬁ gs - Now has higher

S.Frixlone and B.R. Webber, Average: (4.0:2.3)% “"Elght bf cause Gf hlghfl
80 02 o4 06 08 10 12 | JHEPOG02(2000| | /INDE:843 | purity
qu | i i i i i i i i i i i i i i i i <
‘ -10 0 10 20

. _ 0032
CDF: AL g = 0.09475 155 2.3 5D from NLOSM | [Expect. from POWHEG
DO: A%, = 0.047 + 0.023(stat) 13011 (syst) [ 7903

LC13, ECT* Trento September 17, 2013 24 Sandra Leone INFN Pisa



‘ Forward-Backward Asymmetry (AFB)w

= Dilepton system
= CDF 5.1 fb-!
:>AFB (corrected) =042+ O°15s’ra’r * O°O5sys’r

= D0 9.7 fb'!
= At= 4.4 + 37 (stat) + 1.1 (syst)%
v' At (predicted) = 3.8 + 0.37%
— A%=12.3 + 5.4 (stat) + 1.5 (syst)%.
v A% (predicted) = 4.8 + 0.47%
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Ratio of branching fractions R

BR(t — Wb) Ve |?

R

" BR(t—=Wq)  [Vid|? + [Via|2 + [Vas |2
= SM: R~1 constrained by CKM unitarity
= Expect 2 b's in each top-antitop event.

= Changes in R affect jet and b-tagged jet multiplicity.
= R<1 would indicate new physics

- 1 - A
CDF L=8.7 fb! full RunIT DO L=5.4 fb! events >= 4 jets

g 3000 | 1 I—-— Data I
2500 - g 1D, L=5.3 fb ”
1 —— CDF Data Z 2500 — tt R=t
2000 1 Background ] === tt R=0.5
E - e e T {1 Reo _
1. < R=05 2000 f Background [
giso0] ] o
S {7 ; 1500
g ] = = Blt > Wb) ]
11 1000 - : B(t - Wq) 10001
] ] : .
500 ] 1 500_: '''''''''''''''''''''''
. ettt PP PP U PR . S v
0 . . f o T 0 R
1.7 1.7 1.7 27 2T 27 6 1 >9
£ a 3 £ ) £ >
gafé!‘s v ¥ Jots 92 5..'35-;39 S jets 94-"1‘3'33 92 5..'@(3 Ntag
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Ratio of branching fractions R w

_ BR(t > Wb) Vi |2

~ BR(t - Wgq) |Vi|? + |Vis|? + |Vis|?

= Likelihood fit to jet/b-tagged jet multiplicity

= Simultaneously minimize for both R and total cross section
= |V,,| derived assuming CKM unitarity

R

» Lepton+Jats Data c CDF L:87 fb_l ’ LepTOH"'jeTS
1 . MLO PROE0, 054009 (2009
2 68% Coverage e bF O = (75 * 10) Pb
------ 05% coverage

R=0.94 +0.09 (stat+syst)
V.| =0.97 + 0.05

PRD 87, 111101 (2013)

DO L=5.4 fb-! Lepton+jets and Dilepton

I | - .I. e | I o= (774 +0.67 057 )pb
06 08 1 12 14 R =0.90 + 0.04 (stat+syst)

o 10
=
oo 8

R -

A= B3 IV.,| = 0.95 + 0.02

PRL 107, 121802 (2011)
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‘ Top quark width

" SM predicts I'y,, ~ 1.3 GeV CDF L=8.7 bt full RunII
= Test for invisible decays Y regoed

= Reconstruct top mass in lepton+jets o 1scey

= Derive confidence bands from | _Ft°:=5,oee\,

simulated experiments

= Systematic effects folded in the
likelihood function

— Tyop = 10.0 GeV

L |
1000 ‘ ‘ 150

. L :
200 250 300 350
miE® (GeV/c®)

[ 1_‘1'0'3 < 6'38 Gev @ 950/0 CL 10 CDF Il Preliminary 8.7 fb™
= 1.10 GeV < T,,, < 4.05 GeV : = -
: b : ; | a—
@ 68% CL L = =
= Conf note 10936, PRL in preparation T , =EE==E=__6N o ittengen
1 = — 95 % CL (stat+syst)

OO

| |
5 6 7 8 9 10
I'neas(GeV)
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‘ Top-antitop spin correlation w

= Top pairs are produced with a definite spin state
= Information on the spin carried by the decay products

" E

t . t .
Depends on The M -------- helicity h35i5| /ﬁ
production = © Pl
mechanism! ‘,/'f K= +] ‘ﬁf/ K = -|

opposite sign helicity - same sign helicity
L NOD AN = N - NUT) _ No — N
NAT)+ N +N(TL) +N(T)  No+ N

» Quark-antiquark annihilation (~85%): spin 1
» Gluon fusion (~15%): spin O

= New physics could change the spin-correlation parameter
PRD 45 124(1992), PRD75 095008 (2007)

= Correlation strength K (frame dependent) related to decay

products angle through: v L
- 1 d?ec 1+ kcosftcosf™ where: ‘}_'H'?
o dcosftdcosf— 4 e Beamline
Top Rest Frame

£b
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‘ Top-antitop spin correlation w

CDF uses 5 1/5 3 fb -1 CDF Il Prelimina ryJ-Ldt 51"

" Results shown assume spin quantized S1 Nilepton e
along beam axis £ 80; 5
. o B
SM predicts k=0.78 NPB690, 81 (2004) & 60[

* K (eprjersy= 0.72 £ 0.69 conf note 10211 ¢

* K g™ 00421 0563 confrote 2

10719 -1 -0.5 0 0.5 1
coso,
* DO uses 5.4 fb-! €™ o
120 —— 1 Spin corr. .
= Matrix element method > o | B meacured i Lepton+jefs
= Evaluate event probability of 0| e Mot

SM-correl. ME and no-correl. ME

= Measured fraction of SM correlation
0.85 + 0.29 (combining dilepton and
lepton+jets)

= Exclude no-correlation hyphotesis at 3.1G PRL108, 032004 (2012)
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W Helicity in top decay

W helicity in fop decays is fixed by M,,,, My, and V-A structure of the tWb
vertex. It is reflected in kinematics of W decay products.
b

W helicity states: :>

b

|eft- handed longitudinal right-handed
fraction: f. fraction: f, fraction: f,
In Standard Model: ~30% ~70% suppressed: ~0.036%

— Measure angular distribution of charged
lepton wrt. top in W rest frame: cos6* to

extract fgand f, "

-, heg. direc-

b <

" tion of top
BLM"I I T I N SN U N A A AN -Il-: i il T T O |
-1 08 08 D& D2 -0 0.2 0.4 [IE 0.8 1
*
coso
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‘ W Helicity in top decay w

= CDF lepton+jets uses matrix element method

= CDF dilepton and DO use fits to COSO™ distribution
= Fractions determined simultaneously (2D fit)
= Tevatron combination from 2.7-5.4 fb:

=] F
w— L
1 CDF + D@ combination
L=27-541b"

0.9 ® Combined result

— f, =-0.033 + 0.046
= f, = 0.722 + 0.081 o) 200
PRD 85, 071106 (2012) i o
= CDF lepton+jets updated to 8.7 fb-!
= Result of 2D fit: T S
= f, = 004510072  aimney
= fo = 0.726 + 0.094 I
— Measurement of f, almost as I \ |
precise as combination :_ J ;
PRD 87, 031104 (2013) [ ]
= Results in good agreement with SM el g

x and y-axis are flipped1 0
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Search for resonant ttbar production

= Look at the M,;,,. spectrum in the lepton +jets final state, to see
any deviation over the SM prediction

CDF L =9.45 fb! full RunII dataset DO L=5.3 fb

=
=]
T

—=—data

= + = ] -1 n -1
g 10001 g o 8 D@,5.3fb" [ M=950 GeV } 102 DJ,5.3fb" []M,=950 GeV
E ER 9 M ) I
2 s 2 s0f- :@ [ WiZ+jets 5 [T WiZ+jets
: soof- E [ multijets ; [ multijets
600 L J
3 400
a0l x,f_
00
200 S P L R L R——— ) S0 o
10f- 800 1000 1200 800 1000 1200
] _ i . m; [GeV] m; [GeV]
i 2000 441 (201 M) 1000 12003 = 200y 400 B0 1111 IIl(ZII]l 12060
M, [GeVre] M, [GeVic|

—#— Observed limit
=== Expected limit
Median expected + 1a
P Median expected £ 20
—s— Topeolor £ ([/M,=1.2%)

D@, 5.3 fb™!

=
T
™
=
e
o

107 £ — Topcolor Z’

z - — 95% C.L. observed
* . T | S i - == 95% C.L. expected
Harris, Hill, . 7N - jorbpp S
. e a0 fio0-— 400 600 800 1000 1200
Parker '99 M leEEd resonance mass [GeV]

A topcolor leptophobic* Z' — ttbar is excluded at 95%CL with:
M~ < 915 GeV/c? M- < 835 GeV/c?

—PRL110,121802 (2013) PRD85, 001101 (201.2)
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Conclusion %

= CDF & DO are fully exploiting the Tevatron unique dataset and are
in the process of making Tevatron legacy measurements

= Many top quark areas of study (i.e. cross sections, single top s-
channel, spin correlations, Ar) are complementary to LHC
measurements

= All measurements shown here in agreement with SM prediction,
except ~2.2c effect deviation in Az from CDF data

= Data-taking is done, but there's still a lot to be learned from the
Tevatron's top quark samplel

= See the websites of CDF's and DO's Top Groups and the Tevatron
Electroweak Working Group for more information and results:

= http://www-cdf.fnal.gov/physics/new/top/top.html
= http://www-dO.fnal.gov/Run2Physics/top/top_public_web_pages/
= http://tevewwg.fnal.gov
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Conclusion w

= CDF & DO are fully exploiting the Tevatron unique dataset and are
in the process of making Tevatron legacy measurements

= Many top quark areas of study (i.e. cross sections, single top s-
channel, spin correlations, Ar) are complementary to LHC

measurements
= All measurements shown b~ iz 2onno ment with SM prediction,
except ~2.2c e*” ~ data
Thank youl
= Data-taking is < -arned from the

Tevatron's top quark suup.-.

= See the websites of CDF's and DO's Top Groups and the Tevatron
Electroweak Working Group for more information and results:

= http://www-cdf.fnal.gov/physics/new/top/top.html
= http://www-dO.fnal.gov/Run2Physics/top/top_public_web_pages/
= http://tevewwg.fnal.gov
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Backup
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MET+jets analysis

= MET+jets selection, 9.1fb".,

= Recover partially reconstructed electrons and muons

= Include W—Ttv (hadronically-decaying taus as jets)

= Completely orthogonal dataset to 2+jets selection

= Train several MVA against QCD and 11, then combine with NN

1 tight b-tag 1 tight + 1 loose b-tag 2 tight b-tags

Single Top In B +jets COF Run Il Preliminary, L =91 i Single Top in B, +ets COF Run Il Preliminary, L = 9.1 it Single Top in E, +jets COF Run Il Preliminary, L = 9.1 i
- S S — “Dat | |2E0mutipt] [vejets — =Dl | |2E0 muttit] [vepets — =Data | |20 multit] [Vt
g T :s-n?un W ctoson il Wringle top | o) _:;D‘:uu‘:am W ososonlla [ singe iap :;fsiLHJIE" W otosonll [aingle g
E r Signal Region Signal Region i Signal Ragion
7 a0 —
-;:- -
3
2 o
g L
.

8

Data - Exp
T

-
i
=
)

o . A
] T . T
af I =k 1_l f I

i3 [ S T T '

SR T T 1 | [ S (T I T 1
Final NN Discriminant Cutput Final NN Diseriminant Output Finad NN Discriminant Output

= of(s+t)= 3.0 *1-5_; , pb (:50%)

CDF Note 10979
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DO Single top analysis

Source of Uncertainty Rate  Shape Processes affected
Jet energy scale 0-8% X all

Initial and final state radiation 0-6% X single top, tt

Parton distribution functions 0-1% X single top, tt
Acceptance and efficiency scale 1-™% single top, tt, diboson, Z/v*+jets
Luminosity 6% single top, ¢, diboson, Z/v*+jets
Jet flavor separator X all

Mistag model X W+light

Non-W model X Non-W
Factorization and renormalizatio X Wbb

Jet 7 and AR distribution X W+light

Non-W normalization 40% Non-W

Wbb and W ¢ norm 30% Wbb, Wee

W e normalization 30% We

Mistag normalization 10-20% W +light

tt normalization 8% tt

Monte Carlo generator 3-7% single top, tt

Single top normalization ™% single top

Top mass 2-12% X single top, tt

* X indicates the sources of uncertainty from shape variation

* Sources listed below double line are used only in |Vy| measurement cross sections [pb]
Top mass [GeV] t-channel | s-channel

+0.57 +0.77

170 2.80 ;o [1-31 474

+0.59 +0.62

172.5 2.90 ;50 |0-98 s

+0.58 +0.51

175 2.58 5, [0.65 g5
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CDF Single top analysis

Source of uncertainty Rate Shape Affected samples
b tagging scale factor uncertainty 4%-18% tt, single top, WZ, ZZ, Higgs S—Channel Lep+j ets
Charm mistag rate T%-37% WW
W +jets mistag rate 4%-37% W + Mistag jets
Luminosity uncertainty 6% tt, single top, diboson, Higgs
Lepton acceptance uncertainty 2%-4% tt, single top, diboson, Higgs
Cross section uncertainty 6%-10% tt, single top, diboson, Higgs
Initial /Final state radiation 0%-10% w4 tt, single top
Multijet normalization 40% Multijet
Z+jets normalization 45% Z+jets
Whbb and Wee normalization 30% Wbob, Wee
We normalization 30% We
Jet energy scale 0%-10% Vv All
Normalization and factorization scale v W+jets
Electron multijet background w4 Electron multijet
Table 1: Summary of all systematics considered in this analysis Single Top s-channel in Lepton+Jets, CDF Run Il Preliminary (9.4fb ™)

10° £ Observed p-value: 0.000055 (3.8 o)
F Expected p-value: 0.0019 (2.9 o)
Total 307831 PEs with null hypothesis

—— Signal + Background
10° 3 —— Background Only
s ~\

o .

10° ‘\ oy
i " ue %
F M Observed value w

o} L
TR

0 0.5 1 1.5 2 2.5 3
s-chf ~s-ch
oSy Sam

Number of PEs
2
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First evidence for s-channel w

ik, -1
E T D9 9.7 fb o 10° Background only DO.9.7 fb!
L B ) ‘s VOE _ s signal + background ?
c 0.8- expected - 1E --- SMLLR = SD Expected 6.0 SD
% = =233 +:44 pb % 101 & — Observed LLR Observed 7.7 SD
i 2
.§ 0-6: Oobserved E -:g-:i I
= A +0.53 = :
% 0.4— =3.07 10 Pb E 132
(o o O 46
o. 0.2: / 2 E 13.7 E
L L N I I 10—8 E
L 45678 10° 00 50 0 50 100
ss section [pb] Loa-likelihood ratio
-1 -
214 s-chggnel DB 97 fb — Sarowaony |
5 1 '2_ [ Oexpected ----SMLLR = SD g);pecte: 337; SSI:I;
] 1;_ =1.08 +0.31 b — Observed LLR served 3.
— N ) .
(o] 0.8- f Oobserved
= - 0.3 3.7 SD
% 0'65 =1. 10+031 pb P
3 0.4-
o 0.2-
05 115 2 253 35 2

0 20 40 60
Log-likelihood ratio
Sandra Leone INFN Pisa

tb cross section [pb] 20
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‘ First evidence for s-channel

= Same strategy/tools developed for CDF WH analysis, 9.5 fb-!
= Final cross section extracted from the posterior probability density distr.
= Cross section for t-channel is set to standard model prediction.

Lepton +jets MET + jets

Single Top s-channel in Lepton+Jets, CDF Run Il Preliminary ( 9.4 fb'1)
Single Top s-channel in E;+jets CDF Run Il Preliminary, L = 9.5 fb"!

—_
— T

0.02—

o
o
—

ch = +0.65
Oobs = 1-10,565 Pb
Osm = 1- 0o p
N.Kidonakis, Phys.Rev.D 81, 054028

. 68% CL

95% CL

(65" = 1.05 + 0.05 pb)

o
o
———
Posterior Probability Density

=}
~
———

Posterior Probability Density
=)
g

o
o
—

3.8 SD

0 T T T T I | T I T T T N T T N SR I S VO
0 0-5 1 1-5 2 2-5 3 3-5 4 . 15 Ilzllllz_lsllllal_l al.5||||‘lllll

s-channel Cross Section (pb) Single Top s-channel Cross Section (pb)
Expected signif: 2.9 sigma
Observed signif: 3.8 sigma
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‘ Top quark mass measurement

* Free parameter of the SM

= Together with W mass: puts constraint on Higgs mass — self
consistency check

80.5 a2z r |
[1LHC excluded

| — LEP2 and Tevatron
1 ---LEP1 and SLD

S
=

195

= Several methods explored for precision top mass measurement:

= Many clever tricks to improve sensitivity, such as in situ
systematic uncertainty constraints

= Most sensitive analyses are lepton+jets from both CDF (PRL 109 152003
(2012) and DO (PRD 84 032004 (2011))
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Tevatron top mass combination

= Weights per measurement:

March 2013
Preliminary

e
2
|

e
»

o
(¥

=
iy

| weighti | /Zl weightil for all measurements
(=]
w

Analysis
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Forward-Backward Asymmetry

04—

a2

- —— CDF Data, 9.4 fb™

oy =(152% 50107 (GeVic)!

| — tf Prediction

ay =34+ 1.2p<10°* (GeVic?)!

—_

= l l l l

T

400 450 300 a5l 0] 630 To0 T30

Parton-Level M_ (GeV/c?)

{E 0.6
0.5
0.4
0.3
0.2

0.4F

—— CDF Data, 9.4 fb”
= (28.6 + B.5p107
— tf Prediction
oy, = {10.0 + 2,310

_—

‘?M

——

qll__..-i""' I ]

0.5 1

|
1.5

2

Parton-Level |Ay|

= Also important to investigate

dependence of Agg; on top pair mass and
on rapidity difference |Ay|

Asymmeftry rises steadily from near
zero at threshold

Fit a line to data and to prediction
Slope in data exceeds prediction

by ~2.3 sigma at the parton level

The shape of Ag as a function of M1t
and |Ay| is a prediction of both the
NLO SM and various new physics
models

This may help to discriminate different
scenarios
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DO: Asymmetry dependence on lepton pT

= Asymmetry in W+jets background was
calibrated on data in 3 lepton pT bins

14 E D@ preliminary, 9.7 fb"
12— production Level
10 »
oF _
m &

- L ¥
4 F
9 [ | | S. Frixione and B.R.Webber,

JHEP 06, 029 (2002)
O o
2 F
4 1
1 |_|- | 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

20030 0 50 e 70 8090
lepton P, [GeV]
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‘ Top quark electric charge w

= CDF 5.6 fb, lepton+jets
= Top quark candidates could be interpreted as 2/3e (t—>W*b) or

-4/3e ("t" ->Wb) (PRD 59, 091503 (1999)) arXiv:1304.4141
[ | USe Je'r_charige algorin-hm _ CDF len Il preliminary L = 5.6 fo
180F i
= Exclude -4/3e at 99% CL g L B
: : | []single Top
140 E B piboson
- i [Jacp
0 120:_ th events
E 100,:_ E = Data
S C . E .
= In agreement with old DO resulf, " eoSMlike o= XM like
excluding -4/3e at 92% CL 3
40— =
PRL98, 041801 (2007) - . 4
20E —4—
0= 30 -0.5 0.0 0.5 1.0

Q(W) * Q(b-jet)
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Top quark width w

= Tndirect measurement based on other top properties results,
using 5.4 fb-!

= Use t-channel single-top and measurement of R in ttbar

Use t-channel single top
T _______.--'." :
_ ['(t — W) Cross section measurement

i — B{EL . H‘;h} \ PLB 705, 313 (2011)

BR measured using tt decays
PRL 107, 121802 (2011)

o(t—channel) I'(t — Wb)gy
B(t — Wbh) a(t—channel)sy

.Ir:_

= Assume the same proportionality as for the SM
" F’rop = 2.00 +O'47_0.43 GeV

u TTop - (329 +O’9o_0.63 ) X 10-25 S

PRD 85, 091104 (2012)
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‘ Top Anti-Top Mass Difference w

CDF Il Preliminary 8.7 fb™

¢ Data

= If CPT is conserved, AM;,, =0 _1 T 0 cevicy

°";350 B 2

" We fest this assumption by 3o / B seckground
measuring AM,,, 2200 v

e 12

Pe

0

-?5 -50 reco 55 100 0
Am."" (GeV/c?)
DO: Matrix element technique, CDF: Kinematic reconstruction +
allowing different mass of top template fit, 8.7 fb-! full RunIT
and anti-top, 3.6 fb! dataset

AMiop = +0.8 £1.9 GeV/c2 M, = -195 +1.26 GeV/c?

PRD 84, 052005 (2011) PRD 87, 052013 (2013)

Measurements in agreement with CPT invariance
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Top quark charge

= Jet-charge algorithm:

Z q, (ﬁ .ﬁ!.)n'j i —jEt axis
JetQ=—=—— g,—track's charge
Z (72.5,) p.—track's p,

!

= Calibration of algorithm, expressed as ScaleFactor:

SFo=0.99 + 0.01 (stat.) £ 0.03 (syst) “E

- w2 /NDF 628
1.2
I i
1 _
E o p T P o »
3 | 11
0.9— '
LHC results: no published yet 08l
—> Public results: . L L
. 1] 40 ﬁl]_ ] . {1 120
ATLAS: XM excluded at 25 ) wran Away et E. (Gevic') =

CMS: XM excluded with high significance: (A = 0.971£0.33; SM expectation: A=1)
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‘ W Helicity in top decay w

= CDF lepton+jets updated to 8.7 fb!
Constrained measurement (1D):

—=f,= 0.686+0.042(stat)+0.040(syst)
—=f,=- 0.025+0.024(stat)+0.040(syst)

= Tevatron Combination 5.4 fb-!
Constrained measurement: (1D)

—f, = 0.682 + 0.057
—f, = -0.015 + 0.035
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Search for top+jet resonances in ttbar +jet

= Search for a heavy new particle M produced in association with g
top quark PP — MU — 1Qt leading to a resonance in the L+ Jet

system of tt+ Jet events.*
= Select events in lepton +jets channel with at least 5 jets and 1 b-tag.
L = 8.7 fb'! full RunII dataset

i) - .

> L Resonance (0.1 p0): - 4 pata 8.7 ! 4 —— 95% C.L. Upper limit
3t 300 GeV/e! Ldt=8.7fb

- B L Expected Limit

= 500 GeV/

1)

=100 - +- la

7 - | [ ]++20

z

B Singlet (g .2 )=(0.1)
Bl Triplet (g .2,)=(0.1)

Cross Section [ph)

T T T
]
A
)
i
[
i
!
I

g\ [I] ; e : B
I E s e - 1 I:I'I L1 L1l 11
- 1

F . . . , . ; i 200 300 400 500 600 T00 800

m, [GeV/c’] *
PRL 108, 211805 (2012) Zurek ef al, 2011
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Search for Lorentz Invariance Violation w

= Standard Model extension adds Lorentz violating terms fo SM
lagrangian (PRDs8, 116002 (1998), PRD69, 105009 (2004) )

= Earth is a rotating reference frame with a repetition period of one
sidereal day

= Lorentz violation predicts dependence of G ON Time of day

08  (a) D@, 5.3 fib :.[h] D@, 5.3 fb™

05| ++ ff/ & channel t}E;- ti‘f'u channel L - 53 fb 1

;f';i# *'fﬂ il H'W

0.6 <06 |

VB om o5 om 1 %o om o5 om 1 PRL 108, 261603 (2012)
Sidereal Phase / 2n Sidersal Phase / 2n

= R is the sidereadlly binned relative ttbar event rate
= Expect R =0 for no Lorentz violation.

= No indication for time dependence of G4, First constraints on
LIV in top sector (and for a bare quark).
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Search for Lorentz Invariance Violation

= C(right handed) and C o (left handed) are different component

of SME matrices

TABLE III. Limits on SME coefficients at the 95% C.L.,

assuming (cy),, = 0.

Coefficient Value = Stat = Sys 95% C.L. Interval
o)y 12 =011 =002 [— 0.34, +0.11]
(colyyn 012 =001 =002 [— 011, +0.34]
(colxya 004 =011 £ 0.01 [—0.26, +0.15]
(colxms .15 =0.08 = 002 [— 0.0, +0.31]
(cplyzn (.03 = (0L.08 £ 0.01 [— 019, +0.12]

TABLE IV. Limits on SME coefficients at the 95% C.L.. as-

suming (cg),, = (.

Coetticient Value * Stat = Svs 95% C.L. Interval
(e )was 010 = 0,09 = 0.02 [— (.08, +0.27]
(e )y (.10 =009 = 0.02 [— 0.27, +(0.08]
(e vy .04 = 0.09 = (.01 [— 014, +(0.22

(€0 )y 0.14 =007 = 0.02 [— .25 +0.01]
(€0 Jyzraa (.01 = 0.07 = <Z0.01 [— 13, +0L14]
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