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Introduction

« Top is the heaviest particle
of the SM.

 Very fast decay, ~5-10-%>s,
before hadronization —»
bare quark measurements.

« Top quark coupling to the
Higgs boson close to unity
— special role in the
electroweak symmetry
breaking mechanism?

« Good candidate to search
for the new physics.

Leptons
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Precision measurements = SM cross-check

. Bare quark mass measurements —
precise calculation of the W mass w m w
correction

‘ .- 1 1 Ty
Mz = Mol = ey o = 14+ Ar(My. M
w z\371/3 \/§G;_¢M§[ +ar(My, M. -]

;‘ T T T T | T T T T | T T T T | T ! | T T | T T T T T T, NN 10 L I 1 I | I I I I I 1 I I I I I I I I I | I I I T _l
B i1 m, world comb. + 16 ’ : C 3 £

e - 68% and 95% CL contours T 1783 Gov 10 b N el fitter|sl: 4.,
= 80.5 — M fit wio M, and m, measurements il -- 0 =076 GeV — C - SM fit w/o m, measufements -
= C i 1| —o =076 2050, GV - -
< - fit wio MW, m, and MH measurements 6= " ad e - 8 SM fit w/o m, and M, Reasurements =
L direct MW and m, measurements [ . N i -
80.45 — | ] 7 __l-.-l mi" world average [arKiv:1403.4427] E
N g 3 ~ HEH mkn DO measurement [8rXiv:1405.1756] -
- = R = - —]
804 o . 6 E+0- P ® from Tevatron o,. [arXiv:1207.0980] =
S S E*"f /",,' ............ } 5 :_ mrole from CMS Gﬁ [arXg:1307.1907v3] _:
[ M, world comb. - 1o ] = HHm** from ATLAS o, [arXly:1406.5375] 3

80.35 [— M, =80.385 + 0.015 GeV , — e T A — 20
B i 5 3 —
80.3 — i — - .
C : ] 2 —
— -’ \‘ - B = — ]
L < N A . C -

- ,pc’é/" ,\rf-"'\h ,hgﬁct?:” K f’j’ ] ] NS 5, VS e/ s 16
8025 i W RO £ €] fitter|s.: ] - / -
C.07 Ll }" L L,”| N i T 0 Cooooo b by | o I T T M AN T T T M

140 150 160 170 180 190 160 165 170 175 180 185 190

m, [GeV] m, [GeV]

13.01.2017 V. Shary: Legacy Top Quark Properties 4



Another SM cross-check: EW vacuum stability
+ SM scalar potential: 1/ () = m2dTd + )\(qﬂq))Z

178 — —
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‘DO Detector

Tracking with 2 Tesla solenoid

] n=0 n=1
mi | » Silicon tracker (|n|<3.0, r~10cm)
T * Fiber tracker (|n|<1.7, r~50 cm)
- 2,‘ . . . . .
i ERAVAY Sampling Calorimeter with liquid
- g e Ar [/ Uranium
. Muons: drift chambers +
- scintillators
i [ N NN TR N NN AN (NN N NN N NN (NN NN NN N N NN SN NN N

Typical Coverage

« Muons: [n] <2

« Electrons: |[n|<1.1 and 1.5<|n|<2.5
« Jets:|n|< 2.5
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Data Set
Tevatron Run Il data taking (2001-2011):

« ~12 fb! delivered per experiment

« ~9.7 fb! for analysis
Run Il Integrated Luminosity 11871.03 (1/pb)
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Top quark discovery:
Tevatron Run | (1995)
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Top Quark Production

q t gi :t 0070701010 L
_: i{ f 9 DYOOD

q g ' W
g / \— _/
Y '
~85%
~15%
« At the Tevatron top mostly produced in pairs LHC

Gluon fusion: 80 - 90%

- We will not discuss the EW, single-top production Quark annihil: 20 - 10%

today

- Mostly the qq annihilation - a unique data set for the
top quark studies.

e Cross-section (NNLO +NNLL QCD for m; = 172.5 GeV):
0.23

Czakon,Fiedler and Mitov, PRL 110 (2013) 252004
Czakon and Mitov, Comput. Phys. Commun. 185 (2014) 2930
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Top Pair Production Signatures
« Top decays into Wb (99.8%).

- W- ev or pv or tv or jets.
. tt event signature:

“alljets” 46%

ttjets 15%
- high momenta leptons and jets
- large angular separation

- Significant missing transverse

momentum e u+ets 15%
0[0

- Use b-quark jets identification X s 15%
to improve selection purity "dileptons" @tonﬂeD

@ TR
Jet 1(b) oy

vV,
% H neutrino
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Typical Event Selections

Lepton + Jets Dileptons
« Trigger: single lepton and

» Trigger: dileptons
lepton+jets

 Two isolated leptons (electrons

e |solated electron or muon and/or muons)

- p; > 20 GeV - p; > 15 GeV
- |n(p)] < 2.0, |n(e)] < 1.1 - In(p)| < 2.0
« At least 3 jets pT>20 GeV - |In(e)| < 1.1 and 1.5<|n(e)| <2.5
« Missing transverse momentum * Atleast 2 jets pT>20 GeV
> 20 GeV « Missing transverse momentum
. Additional selections: > 20 GeV
- Use of the b-jet identification * Additional selections:

- Event kinematic selections - Use of the b-jet identification

- Event kinematic selections
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Signal vs Background

tt simulation: Alpgen + Pythia (parton showering + hadronization)

- Systematic uncertainty studies: MC@NLO+ Herwig, different Pythia versions
 Acceptance 10-20% ( 4 - 6 reconstructed objects in the final state)

Backgrounds '-'i' g
Lepton + Jets . 1
« W+jets (Wbbj, Wccj, Wijj) - ) I
« Multijet events with misidentified — q :;
leptons — 7 g g
 Dibosons (WW, WZ, ZZ) +jets J

O

jet

g

Dileptons
e Z - Uu, ee, TT + jets —
« Dibosons ( WW, WZ, ZZ) + jets

« W+jets and multijet events with
misidentified leptons
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Cross-Section Measurements

8 3 (c) D0 9.7 fb™ ¥2/ndf=1.04 3 f) D0 9.7 fb™ x2/ndf=1.20 8 103 (b) D0 9.7 fb™ x2ndf=4.57
2 10 | (f) Q
-.E e+ >4 jets = u+ >4 jets E eu+ > 2 jets
L u 102
10
1
° i 107
2 E - S 'TEIﬁI : % 1 §| _
A & ot St o M 0 o R 2 e R =
—1 —-0.5 0 0.5 1 -1 —-0.5 0 iEiI 0.5 1 i
Combined MVA output " Combined MVA output
Lepton + Jets Dileptons

« Use multivariate discriminant (topological + b-tagging) in six |+jets
channels and b-tagging discriminant in four dilepton channels.

« Use the likelihood profiling technique to reduce systematic uncertainty
and fit discriminant distributions simultaneously in all channels.

o = 7.26 & 0.13(stat.) 92/ (syst.)pb

Phys. Rev. D 94, 092004 (2016) Precision: 7.5%
Theory: o, = 7.357052 pb
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http://dx.doi.org/10.1103/PhysRevD.94.092004

Matrix Element Technique

« Allow to improve the statistical precision of the result by using the
maximum available information and by associating the event-by-event
statistical weight, depending on the event “precision”.

P(37;/H) ~ [ d°a(y, HYW (z,y) fepr(q1) frpr(g2)dqdge

Hypothesis Diff. xsection Detector response PDFs
with LO ME  (Transfer Function)

« Sum over all possible jet-parton assignments with

« Use MC integration technique to integrate over 6-10 dimensions - CPU

consuming
Asymmetry and Polarization
Mass Measurement Spin Correlation in Dilepton Channel
450 . i ‘ ¢ : DO Correlation=61.2%
- = E —e— Data 3 >
= 12— DGO 9.7 fb™! %400 ;_ D@, 9.7 fb.1 + -=-=- No Spin Corr _; <
L w 350 = —— With Spin Corr
10; ’ E A I Background _;
8- :%
F 4 =
2‘ ]
n ¢ s i) Sahhteiels :
O; :,g 0 é---i-”:-i-.;t-.-. -...-.-.-._--:LI::T? — _E
168 170 172 174 176 178 180 B 0702 03 04 05 05 07 05 09 3
m, (GeV) Discriminant R
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ME Mass Measurement in the Dilepton Channel

E - D0 9.7 fb™' ;tDTala MC Calibration
S 250 Instr. < 10F
g 200; -E/ifoson :‘?” - DO Monte Carlo (a)
e E 5 Po=-137:003 L&
150 o - p,=0.88+0.01
1002 Eaé 0:—
505 i
: e
g - S ‘ el = _10; SN
(=] 0 100 200 300 400 500 -10 -5 0 5 10
H, (GeV) % MC m, - 172.5 (GeV)
£ 12t D@ 9.7 fb"!
O e  Propagate JES in-situ correction factor
8 from the |+jets channel to the dilepton =
Er reduction of the JES related uncertainty
ar- .
2 )
e m; = 173.93 £+ 1.61(stat) £ 0.88(syst) GeV
168 170 172 174 176 178 180

Phys. Rev. D 94 032004 (2016 L
m, (GeV) y ( ) Precision: 1.1%
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http://dx.doi.org/10.1103/PhysRevD.94.032004

DO Top Quark Mass Combination: Dilepton Channel

173.93 + 1.61(stat) 4 0.88(syst) GeV

« Matrix Element dilepton measurement:

Phys. Rev. D 94 032004 (2016)

Phys. Lett. B 752, 18 (2016)

- -e-Data
B _ﬁ,mt=172.5 GeV
SR f{,mt='|65 GeV
[ -1, m=180GeV .3, ¢
- [JInstrumental 7

_ [ Diboson i

o
o

Events / 5 GeV
[}]
o

D@, 9.7 fb ™
tt - ¢vfvbb

(b)

|||||

Ratio

120 140 160 180
Neutrino Weighting Mass

200 220
u, [GeV]

estimator

Neutrino Weighting dilepton measurement:173.32 £ 1.36(stat) £ 0.85(syst) GeV

™My — 173

D0 =+ 1.31(Stat) -

DO Conference Note 6485 (2016)

13.01.2017

185 _ .
E - D@ simulation B
W 70
2 180 | :
& mqu Vs, “HN“ N
_ p=0.64
175 .
_ 40
170-
- 130
1651 20
' 10
1 185 TS 50— 85 0
miW GeV
- 0.84(syst) GeV
Precision: 0.9%
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https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T110/T110.pdf
http://dx.doi.org/10.1016/j.physletb.2015.10.086
http://dx.doi.org/10.1103/PhysRevD.94.032004

DO Top Quark Mass Combination: Uncertainties

* |+]ets measurement (+jets, L0, {+jets/eL,
« Use W-boson mass as an GeV  GeV  GeV
additional constrains for my 174.98 173.50 174.95
the JES correction factor. In situ light-jet calibration 0.41 047
1.05 Response to b jets 0.16  0.28 0.16
i D@ 9.7 fb"! oY /9/9] o |
X 04 l+jets Model for b jets 0.09 0.13 0.09
: 03: | = Light-jet response 0.21 0.31 0.21
N = Lepton modeling 0.01  0.08 0.01
1'025_ ;:g Signal modeling 0.35 0.43
1.01: —174.98 + 0.58 Gev : Jet modeling 007 0.14 0.07
. .JE.s. Gula i b-tag modeling 0.10 0.22 0.10
172 173 174 175 176 177 | - -
m, [GeV] Background from theory 0.06  0.00 0.06
Background based on data 0.09  0.08 0.09
174.98 + 0.41(stat) + 0.63(syst) GeV  Calibration method 0.07 0.14 0.07
Multiple interactions model  0.06  0.07 0.06
Phys. Rev. D 91, 112003 (2015) Systematic uncertainty 0.63 0.84 0.64

Phys. Rev. Lett. 113, 032002 (2014)
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http://dx.doi.org/%2010.1103/PhysRevD.91.112003
http://dx.doi.org/10.1103/PhysRevLett.113.032002
https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T110/T110.pdf

DO Top Mass Combination

DO Conference Note 6485 (2016)

Final DO paper is in preparation

H—
Run | Dileptons | I 168.4 +12.3 £ 3.6 GeV
Run | Lepton+jets H : I180.1 + 3.6 + 3.9 GeV
Run Il Dileptons - 173.50 £ 1.31£ 0.84 GeV
Run Il Lepton+jets H 174.98 £ 0.41+ 0.63 GeV
D0 combined (preliminary 2016) '] 174.95 + 0.40 = 0.64 GeV
Precision:
H

Run Il tt cross section | . 172.8 + 3.3 GeV

] ] | ] | 1 | | 1 |

150 160 170 180 190 200
Top Quark Mass (GeV)
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https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T110/T110.pdf

Tevatron Mass Combination

July 2016 (* preliminary)

CDF-Il dilepton 1715+ 3.2 (+1.9+ 25)

DO-1I dllepton * 173.50+1.56 (£1.31+£0.84)

CDF-II alljets 175.07 +1.95 (£1.55+ 1.19)

CDF-Il MET+Jets 173.93+1.85 (+1.26= 1.36)

B el

CDF-Il lepton+jets 172.85+1.12 (£0.52= 0.98)

B

DO-II lepton+jets 174.98 +0.76 (£0.41= 0.63)

L

Tevatron combination 174.30 +0.65 (£0.35+ 0.54)

(Run | and Run II) (+stat + syst)

Precision: 0.37%

| | |
165 170 175 180 185

m, (GeV/c?) Fermilab conference note
FERMILAB-CONF-16-298-E
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http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T111/T111.pdf

Indirect Top Mass Determination

Due to the presence of long
range effects in QCD, the MC
mass relation to “well defined”

theoretical mass definitions could
be established with a precision ~

O(0.5 GeV).

It is useful to measure the top
quark mass in the well defined
scheme using “indirect”
approaches.

DO uses the comparison of
measured and theoretical
Inclusive cross sections as a
function of top pole mass.

D0 9.7 fb™

+ Measured o(pp— tt+X)

— Measured dependence of ¢

— NNLO+NNLL

~
~es
-
L .~
~na ~
~a

........
___________
___________

160 170 180 190
Top quark pole mass (GeV)

my = 172.8 + 1.1(theo.) ™3

2 (exp.) GeV

Phys. Rev. D 94, 092004 (2016)
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http://dx.doi.org/10.1103/PhysRevD.94.092004

New Idea: Mass from Differential Cross-Section

« Top quark momentum and the tt invariant mass distributions are sensitive
to the top quark mass

« Expect improvement compare to the extraction from total cross-section
 Use the DO lepton+jets measurement: Phys. Rev. D 90, 092006 (2014)

« Compare differential distributions to NNLO QCD calculation which use the
pole mass definition:

Czakon, Fiedler, Heymes and Mitov, JHEP 1605, 034 (2016)

> 1¢ (a) DO Preliminary, . 7fb! > | (c) DO Preliminary, 9.7fb"
0] NNLO, m{°°=155 GeV é’ NNLO, m?°*=155 GeV
= in NNLO, m?°“=165 GeV = 0.1— NNLO, m?°*=165 GeV
Q2 10 ¢ — NNLO, m™*=173.3 GeV o I — NNLO, m?*=173.3 GeV
2 r - NNLO, m“"’ =180 GeV 2 - NNLO, m”" =180 GeV
= 10_2£_ _____ | —NNLD m*""“_mu GeV E —NNLO mP*=190 GeV
E._ 5 = i
s 10°F o 0-051 [
© g —

T 104k S -- =

10_5”“.',.”".".” oL

400 600 800 1000 1200 0 100 200 300 400 500
m(tT) [GeV] p (V1) [GeV]
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http://dx.doi.org/10.1103/PhysRevD.90.092006
http://inspirehep.net/record/1416179

‘Pole Mass From Differential Cross-Section

> 1F (a) DO Preliminary, 9.7fb"
S_.'_? + DO Data (PRD 90 092006)
S 10"
R
—
=
S
&
S f
O et Bbo 1000 3266
m(tt) [GeV]
% " (a) DO Preliminary, 9.7fb"
S o1k + DO Data (PRD 90 092006)
S i
2
o
~ ()
tho 05
T L
S 1],
= [ -
0 100 200 300 400 500
p_(V/T) [GeV]
13.01.2017

Ratio to data

Ratio to data

B (b) DO Preliminary, 9.7fb™
NNLO, m?°*=155 GeV
NNLO, m?°*=165 GeV

— NNLO, m®*=173.3 GeV

- = NNLO, m*°*=180 GeV

B — NNLO, m®°*=190 GeV

600 800 1000 1200
m(itt) [GeV]

P T I T
400

_ (b) DO Preliminary, 9.7fb™

NNLO, m?°°=155 GeV
NNLO, mP®°=165 GeV
— NNLO, m?°®=173.3 GeV
- - NNLO, m”°*=180 GeV
B — NNLO, mP°*=190 GeV

i

700 200 300 400 500
p_(t/T) [GeV]
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Pole Mass From Differential Cross-Section: Results

Use the y?formalism to
measure the mass

The full 2-D correlation matrix
Is used.

(b) DO Preliminary, 9.7fb™
® Data vs. NNLO (MSTW2008)

Scale uncertainties

-

o

o
_|_|_|_|_

— Fit 2 _:2.39

160 170 180 190
m, [GeV]
DO Conference Note 6473 (2016)

o

Combined y2(m(ti), p‘T“")
3

(b) DO Preliminary, 9.7fb™

m; = 169.1 £+ 1.4(theo.) + 2.2(exp) GeV

13.01.2017
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NLO vs. do/dX - 1673 + 26
[This article]
NNLO vs. do/dX | e 169.1 + 2.5
[This article]
DO (NNLO+NNLL o, ) 843,
[arXiv:1605.06168) © * 1 172.8 £33
ATLAS (tT+1)) N
[JHEP 10 (2015)] = 173.7 £2.2
CMS (NNLO+NNLL o, )
[PLB 728 (2014)] —e—  176.7 £2.9
Tevatron average N
[arxiv:1608.01881] ol 174.30 £ 0.65
e Ty . 172.84 +0.70
[arxiv:1606.02179]
CMS combination N
[PRD 93 (2016)] | 172.44 + 0.49
165 170 175
Top quark mass [GeV]
Precision: 1.5%
23



https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T113/T113.pdf
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Spin Correlation

top quark anti-
quark rest frame

q g t
>_0110_0_Q< ~85%
(] ——
q

?

 Due to the short life-time (10-%> sec) of the top quark, it
decays before depolarization, so the spin information
transmitted to the decay products (W boson, b quark).

« Top quark and antiquark have very small polarization in
the SM.

« For the quark anti-quark annihilation at Tevatron the spin
correlation is close to 1.0 at the optimal basis.

- Allow to verify the QCD calculation.
- Different correlation - new physics.

13.01.2017 V. Shary: Legacy Top Quark Properties
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Spin Correlation: Formalism

lepton

topt?cuark 3eutrino
o _ ot +old) —ath) - o(i) ] 200 N

Polarization Spin Correlation Coefficient

1 do 1 / \ l

= —(14 k1 Py, cosb 4 £ ko Py, cosa i, — k1kaOp,p, cOsby 4 cosfy 1)

o dcos 014,dcosbyp, 4 ~

\ f Spin analyzing power coefficients

Spin quantization axes

Bernreuther, Brandenburg, Si and Uwer,

LO NLO  wnuci Phys. B 690, 81 2004)
O » / 0.93 0.80*0-1 W. Bernreuther and Z.-G. Si,
off-diagona 02" Nucl. Phys. 837, 90 (2010).
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Spin Correlation: Measurement

* |+jets and dileptons channels.

« Use ME probabilities = calculate
discriminant R.

« Use MC@NLO generators for 2

samples: with SM spin correlation 350

and null spin correlation -

constructs templates.

 Fit the R-distribution in data and
determine the fraction (f) of
events with SM spin correlation.

Ptt_(xv SM) + Ptf(xv null)
g 450 T e E
=400 ;_ Dga 9.7 fb-1 + - - - No Spin Corr é
= —— With Spin Corr —
300 & Bl Background
250 = =
200 = =
150 - ——
100= [ e
50 E
Q 0 ' .
E. sgé_ ....................... R Ll -__
© Spe——  —— . _Fl:f -

=90

O 0 0102 03 04 05 06 07 08 09 1

Discriminant R

meas
off

=0

mc@nlo

off

= (.89 -

- 0.16 (stat) -

- 0.15 (syst)

Phys. Lett. B 757, 199 (2016)

13.01.2017

non-zero spin

correlation: 4.2 SD
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‘Polarization: [+jet channel

« Study polarization in three bases

- Beam basis: use proton beam direction boosted in tt rest frame as
quantization axis

- Helicity basis: use tt axis in tt rest frame

- Transverse basis: use cross product (beam axis x top direction) in tt rest
frame
The first measurement of the transverse polarization!

« SM expectations for all three bases are close to zero.

« Use the template based method

700

2 1 eDala  [JfTP=SM 2 ¢ 1 eData  [JffP=SM 2700 1 eDala  [JITP=SM
§ 600E D@, 9.7o EMulijet - f P=+1 g 6005 DG, 9.7 1o [ Mutijet - ff P=+1 5 500 ?@'9'7 fo EMultjet - ff P=+1
= - (b) [ Other bys = (T P=1 > C (d) [ Other bgs s ff P=-1 > (f) w
W 500E : w 500 wey : L
2 W+jets [ Syst. Unc. = O mWsets  ESyst. Unc, 500
400F . . Ao, 400 FUTY T A e
300 300 i N 300 | vl e
200, 200E.... - j o .
100F 100 oo I
S 12 S 12 ; S 12
2 O 0o 0T oA 05 08 1 = O Osoa 0z 0 02 040508 1 = T 0s s 002 0 02 04 05 08
ru L S & VA UG L [ o = VA U0 V. « L S & VA UGS L
o +¢0s6,,(beam) i cos 8,(helicity) o +¢0s ,4(fransverse)
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Polarization: [+jets Results

Phys. Rev. D 95, 011101(R) (2017)

Axis

Measured polarization SM prediction

Beam

Beam - DO comb.
Helicity
‘lIransverse

+0.070 -

- 0.055

+0.081 -

- 0.048

—0.102 =

- 0.061

+0.040 -

- 0.034

—0.002
—0.002
—0.004
+0.011

T T | T T T T | T T T |
D@, 97 fb-1 @ Measurement —
% Standard Model -
7

P (beam)

Axigluon models
¢ m200R m
A m2o0L
- m2000A
@ 7 M2000R
% P 68 % CL region |
----- 95 % CL region -
---------- 99.7 % CL region -

0.2

v
- ‘s,
o

........
o B

‘‘‘‘‘
..............

0.2 ]

| | 1 1 1 | | | 1 | | | | l
0.4

P (helicity)
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3
>
<

kP (%)

F Axigluon models
O m2000R
E O m2000A

i = m200A

F ¥ Standard Model
r @ Measurement
ww 68% CL region
---- 90% CL region

seee. D@, L=9.7

m200R
m200L

| L
fb“{

-20 -10 0

10

Phys. Rev. D 92, 052007 (2015)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.011101
http://dx.doi.org/10.1103/PhysRevD.92.052007
http://dx.doi.org/10.1103/PhysRevD.92.052007
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Top Quark_ Production Asymmetry

DG L=9.7 fb!

® Data
o MC@NLO

B Model 1
= Model 2

A
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Asymmetry

 In pp collisions the produced top quark

and antiquark can show a forward- q Q
backward asymmetry: >fmam‘r~<ﬂj >mo%m‘
- LO: kinematic distributions in g Q
(a)

production are charge symmetric (b)
- NLO 2-2 (interference between Born and

box diagrams), LO 2—-3: expect (5—10)% —— (000000 y—>—
asymmetry (higher order corrections are e
small)

(d)

- NLO 2-3 (ISR/FSR interference): has the
negative asymmetry and reduce expected (c)
asymmetry significantly = strong
dependence from phase space region

« SM asymmetry is small, ~9.5% (NNLO),
so it is a sensitive variable to test the new
physics contributions.

Czakon, Fiedler and Mitov,
Phys. Rev. Lett. 115, 5, 052001 (2015)

—<—= 0000000 $——
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Asymmetry Studies at Tevatron
Tevatron LHC

« Forward-backward
asymmetry at the

evts evts

anti-top top Tevatron — ~10% anti-top top
« Charge asymmetry at the
> LHC -» ~ 1% -
— y — y
proton anti-proton proton proton
a _ NAy>0-Nay<o) N(Ay|>0)-N(jAy|<0)
N(Ay > 0)+ N(Ay < 0) N(|Ay| > 0)+ N(|]Ay| < 0)
« Asymmetries measurement:
I Rd NevtS — Reconstruction of the dy distribution
"V tOp ) B .
W ackground subtraction
/E — lepton - A, unfolding, A_: correction
- - A, affected by the top polarization
y
- A~ A, /23t 1.96 TeV
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Forward-Backward Asymmetry: History

13.01.2017

tt forward-backward asymmetry

SM, 2006 -e-

DJ, 0.9fb™ : P

CDF, 1.9fb" - °

CDF, 5.3fb™" °

DO, 5.4fb" - °

0 0.1 0.2 0.3
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Forward-Backward Asymmetry: History

13.01.2017

tt forward-backward asymmetry

SM, 2006 -e-

DJ, 0.9fb™

CDF, 1.9fb™

CDF, 5.3fb™

=k

DO, 5.4fb

SM, 2014

CDF, 9.4 b

N

?L\

DO, 9.7fb"

A\

0 0.1

0.2

0.3
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Forward Backward Asymmetry at DO

tt asymmetry in |+jets channel tt asymmetry in diepton channel

CDQ, 9.7fb 'é * Data i
L |3 N T A I I IR AN BV
0.4 ol — MC@NLO .:__, 30F- ‘-‘...\p'a, L=0.7 b
E ] v 2n::ll\xiglucm models N ]
= E ; E ©  m2000R Do 1
%“g 0'3:_ > 10F | maooR Voo, .
—|=" 0.2F o RN T
0-1__ i E e 68% CL region QTR
C L 200 90% CL region E
0__ S e PSS, ST R TR T R [ R R [ R T
3 2 1 A(.)y 1 2 3 A (%)
Phys. Rev. D 90, 072011 (2014) Phys. Rev. D 92, 052007 (2015)
Leptonic asymmetry in |+jets channel Leptonic asymmetry in |+jets channel
-2 150 DO, 9.7fb™ L [pw L-9.71b"
o _m 15re Data +
S -m MC@NLO 30
w 100 "+ Model 1
| ¢ Model 2
10f* SM NLO
u% 1.5 ; !
E 1 \%\i\\é.i\ QWQ«;.‘;.‘MQ“Q‘“;\. ;A.»\?\\{\\\ i
8 15 1050 05 1 _15 i

Phys. Rev. D 90, 072001 (2014) Phys. Rev. D 88, 112002 (2013)
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http://dx.doi.org/10.1103/PhysRevD.90.072001
http://link.aps.org/doi/10.1103/PhysRevD.88.112002

Asymmetry: Tevatron Combination

Use BLUE to combine
measurements

Standardize and combine
systematic uncertainties.

- All results are limited by
the statistical uncertainty

Consistency:

- tt asymmetry vs NNLO
prediction: 1.3 SD

- Lepton gn asymmetry vs
NLO prediction: 1.6 SD

Lepton Ay asymmetry vs
NLO prediction: 1.3 SD

Note: the three asymmetry
measurements are correlated!

CDF Lepton+jets (9.4 fbo™)
PRD 87, 092002 (2013)

CDF Dilepton (9.1 fb™)
PRD 93, 112005 (2016)

DO Lepton+jets (9.7 fb™)
PRD 90, 072011 (2014)

DO Dileptons (9.7 fb™)

PRD 92, 052007 (2015)

Tevatron combination

CDF Lepton+jets (9.4 fb™
PRD 88, 072003 (2013)

CDF Dileptons (9.1 fb™)
PRL 113, 042001 (2014)

DO Lepton+jets (9.7 fb™)
PRD 90, 072001 (2014)

DO Dileptons (9.7 fb™)

PRD 88, 112002 (2013)

Tevatron combination

CDF Dileptons (9.1 fb™

PRL 113, 042001 (2014)
DO Dileptons (9.7 fb™)
PRD 88, 112002 (2013)

Tevatron combination

tt Ay Asymmetry ( AtFtB) Preliminary

6.4 4.7
12= 18
10.6 =+ 3.0
178563
| 12.8+2.5
Lepton qn Asymmetry (A::B)
5+ =
7.2 6.0
S.0id o
4.4+ 3.9
foE 2.0
Lepton An Asymmetry (A:!B)
/7.6 +8.2
123 & 5.6
10.8 £ 4.6

NLO SM, W. Bernreuther and Z.-G. Si, PRD 86, 034026 (2012)

NNLO SM, M. Czakon, P. Fiedler and A. Mitov, PRL 115, 052001 (2015)
|

—

P—— G —

——— ) m—

B

Fermilab Conference Note:
FERMILAB-CONF-16-386-PPD

13.01.2017

—20
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https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T112/T112.pdf

Asymmetry: work_ in progress

—4— CDF lepton+jets, 9.4 fb"
—¥— CDF dilepton, 9.1 fb"
—#— DO lepton+jets, 9.7 fb”
[T NNLO SM, JHEP 05(2016)034
L | IR T S T | L P

1 I 1 | I I 1
0.5 j S S
. ST i 4&? T o
L I e U R —_ =W
ﬁ':q: 0 B » T < i
I —4— CDF lepton+jets, 9.4 b 1 [
05 _ —#— DO leptonsjets, 9.7 fb” _ 05 N
i | NNLO SM, JHEP 05(2016)034 1 i
| SR SRR IR S S T N P P l P SR S SR RN T
300 400 500 6020 700 800 0 0.5
m, (GeV/c’)

« Work on the differential asymmetry combination

- Determine the combination bins
- Account for the bin-to-bin correlations
- Combine the systematic uncertainties
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Conclusion: DO e Tevatron Top Studies

1995: Top Quark tt asymmetry Pole and MS top
Discovery quark mass

tt Ay Asymmetry (lepton+jets) i
CDF 9.4fb™ <) -1
—_— -
o 16.4+ 4.7 % S 14 DO, L=5.3 fb
D0 D0 9.7 fb™* =
——  106:3.0% it
o 12p
"'.::: : Lepton qn Asymmetry (lepton+jets and dileptons) s
o 49 99 + 30 CeaV L2, -
E"-.-'j 199 & 30 GeV —e— 0.0y 10:§. .
s ——  4.2124% .. T
= 8- TGS
; = Lepton An Asymmetry (dileptons) - IR
v < 76 +8.2% 6__
| =—e— Measured c(pp— tt+X)
—_— 12.3+5.6 % 4; —— Measured dependence of ¢
e v Bernrguther & Si, Phys.Rev., D86 (2012) 034026 - —— Approximate NNLO
100 200 0 5 10 15 20 C  NLO+NNLL
MASS (GeV) Asymmetry, % T R T T, T T,

Top quark MS mass (GeV)

_ _ . _ mMass measurement
tt cross section spin correlation with a preC|s|on 0.4%!

QSO e w105-

] R
Tevatron Run II E —e— Data E B -1 7]
= E e = g
CDF dilepton == 7.09+ 0.83 881’ ‘Eggg E DQ, 9-7 fb + === NoSpinCorr J It (a) Dg 9 7 fb
el w350 - —— With Spin Corr 3 = i 4
CDF ANN leptonsjets Foed 782+ oss : 46" 300 E_ [ Be::kgr'::ndo" _E 1 _04 B I+]ets—_
CDF SVX leptonsjets Il 732+071 a8 o’ 250 % _% I ]
OOFalis  b—i—e—p——{  721:128 29 ' 200 2 —i 1 _03 i -
CDF combined oo d 763+050 E 150; By I-------------------E‘ T =
—— 7.36085 - 541b" L E - 1SD -
D@ dilepton t . Fesssssssscannnn B
i 50 = 3 1.02-55p =
DO leptonsjets Pt 7.90:0.74 5310 0 5 = 3sD .
DO combined e 7561059 g 50¢ ¢ _________ Jl___— 1 01_ . =
TN T g Sty T "m, =174.98 + 0.58 GeV - - |
evatron combine: A ;r ./P‘ o ""u' - - - IE il
memsor Q002 Q 0 01020304 0506 0.7 0.8 09 1 kJEs =1.025 £+ 0.005
6 8 9 e —_—
pp - ticross s7ection (pb) at\'s=1.96 TeV Discriminant R 1 72 1 73 1 74 1 75 1 76 177

m, [GeV]
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Conclusion: DO e Tevatron Top Studies

Charge Higgs tt resonances top quark
= electric charge
£ Towom = DG, 5.3 fb™! B0 e
? 0] R Expected 95% CL limit it cg 1 3 _‘\2 140F DO, 531" : gﬁlﬂta =
e 1 —= Observed 95% CL limi - S 4o0F oL
o q g EBG
0.6- g 100; : :
] 1 :C:; 80; B _
0.4 10 - — Topcolor Z’ 5 60F —1'- E
o / - — 95% C.L. observed ‘g 40; i
7] - == 95% C.L. expected Z 4y -,-lii-‘-
i e N e . e o ..
@i w0 107 200600 800 7000 1200 (O S
M, [GeV] resonance mass [GeV] t
. Mass difference
4 generation t' search W boson helicity between t and t
Pl ¢ Mg [T T T T T
5 S CDF + D@ combination 81 27 Am"a' = 0 05 s 3 09 GeV
& D@, 5.3 fb” - L=27-541b" = 4 (a) - .
5 1 _ : : ; Combined result ? Dﬁ 2_.6 fb-
0 C B M value - il
8 ' N O GDF ies S] 0.8 e+jets
o = \ 01 CDF dilepton Y i .
g r ) A D@ 4 0-6
010" £ E |
- — theory ¥ 0.4
L o 68% and 95%
-—95% C.L. observe E C.L. contours 0_2— —
_—95%CLexpected e e e |
1050300400 500 03 02 01 0 01 02 03 .(ﬁ -15-10-5 0 5 101520
t’ mass [GeV] f,

Am® (GeV)
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Conclusion: DO e Tevatron Top Studies

2009: observation of

the single top production.

DG Single Top 2.3 fb”
T
= Data ¢ Wrjets
= § tb+tqb I tf 1l
€ 600 By Sroackaround N Multijets B
(]
o[ %\
400 B .
i %
NN SN
i - :
200_ {*\.\\‘. * .8 085 09 0.9 1
—.

0.2 0.4 0.6 0.8

1

Discriminant Output

2014: observation of

s-channel single top
_prndurfinn

Events/O

WSS S

¢+ Data
E I SM signal

—
L

10°F

10k

| s-channel single top quark, Tevatron Run ll, L <9.7 fb

— Expected background
i Background uncertainty

-1

13.01.2017

-1
Discriminant output [Iogw(s/b)]

Top quark width

P DG, 5.4 fo"
& 1t ' Expected I,
%o.sl =1.391)2 GeV
5 0,65 ObservedT,
= = 2.00 %4 GeV
20.4fF :

=L

20.20

(] :

TR\ BN N

b 05115 2 25 3 35 4 45

T, [GeV]

Anomalous top
quark couplings

o 0.5 —
4+ | D@,54fb" []68% C.L.
0.4 B 90°% C.L.
' B 95% C.L.
0.3 ® Best-fit value
- * SM value
0.2
0.1F
Om

do /dm(tt) [pb/GeV]

Posterior density
) = N W O1O N

V,, matrix element

2 DO, 5.4 fb™

V.| >0.81at 95% C.L.

0.2 04 06 0.8 1
|V

dirrerential

cross-section

E —® Data

(a) DO £ =97fb1
------ Alpgen

== MC@NLO
- approx.NNLO

J. High Energy Phys. 09, 097 (2010)
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The DO (ollaboration

2=Fermilab
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Additional Materials
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DO [+jet measurements, 9.7 fb"

Full DO data set.

Selections

- Exactly one electron or muon with p.> 20 GeV, |n | < 1.1, |n | < 2.0

- Exactly four jets p edna > 40 GeV, p,> 20 GeV

- One or more b-tagged jets (efficiency ~ 65%, mistag rate ~5%)

- MET < 20 GeV + topological cuts

Simulation Contribution e+jets H+jets
- tt: Alpgen +Pythia (DO t 918.11 + 3.63| 82488 + 348
e W+ jets 77.85 £+ 213 101.03 £+ 293
rpngggﬁed tune A), CTEQ 6L1 W +HF 12598 + 212 16221 + 28I
Multijet 14441 + 2419 4817 £+ 16.11
- W+jets : Alpgen+Pythia Otherbackgrounds|  97.75 £ 051 7924 + 0.94
~ W+cc, W+bb: Alpgen+Pythia Expected 1364.10 £+ 24.65| 1215.53 i_ 17.00
P9 y Observed 1502 1286

- Multijets events : from data

13.01.2017

Expected signal fraction ~68%
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- 1D
1.02__23[)
- 3SD : A
1.01- . =174.98 £ 0.58 GeV - -]
kJEs_1025+0005

172 173 174 175 176 77
m, [GeV]

m,, = 174.98 = 0.41(stat) £0.41(JES) £0.49(syst) GeV

Precision: 0.44%
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Systematic Uncertainties Estimation

Source of uncertainty

Effect on m; (GeV)

Signal and background modeling:

Higher order corrections

10.15 > MC@NLO +Herwig - Alpgen + Herwig

Inmitial/final state radiation

+0.09

Hadronization and underlyvine event

+0.26 \Vary renormalisation scale in Alpgen by 1.5

Color reconnection +0.10
Multiple pp interactions —0.06
Heavy flavor scale factor 1+0.06
b quark jet modeling +0.09
Parton distribution functions +0.11
Detector modeling:
Residual jet energy scale 1+0.21
Flavor-dependent response to jets +0.16
b tagging 1+0.10
Trigger 1+0.01
Lepton momentum scale 1+0.01
et energy resolution 1+0.07
let identification efficiency —0.01
Method:
Modeling of multijet events +0.04
Signal fraction 10.08
MC calibration 1+0.07
Total systematic uncertainty 1+0.49
Total statistical uncertainty +0.58
Total uncertainty 1+0.76

13.01.2017

[Z'n ww iyt <1)| DG preliminary

Ef73fb1ISRup
Z \ MM ee ISR nominal
Y]

i ISR down

®

g‘l.i

0.9

o.8f: %, ,, = 18.53, x* = 13.90

0.7

e, ™ BATT, 3 = 16,90

0.5 - L 1aal 2 2 3 1 sl
107 10" 1

Alpgen +Herwig - Alpgen + Pythia
for particle-level jets

Pythia, Perugia 2011 - Perugia 2001NOCR

Phys. Rev. D 91, 112003 (2015)
Phys. Rev. Lett. 113, 032002 (2014)
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DO [+jet measurements, 9.7 fb"

> i -1 > E -1

D (a) D@ 9.7 tb 0 (b) D@ 9.7 fb

O B ; l+jets - Data G 400~ l+jets * Data

o 400~ B it o B B tt

Ly - Otherbgs| @ 4q9C Other bgs

8 i B W+hf a B B W+hf

= E Wlf ‘= 200~ W« lf

r= 200_— B Multijet = : I Multijet

fiE " 100"
oLe ot

[-IY: 0 s e

-Ia 1.5§ : -|‘-ul 1-5§_ .........................................................................

c 3k C AT e ]
0 200 400 600 800 1000

m,. [GeV]
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JES at DO

« Jet Energy Scale: correct reconstructed
jet energy to the particle level

- Absolute JES
- Separately measured for data and MC

calorimeter jet

Ejet _ Emeas — Eoffset

Response ) Showring

 Flavor dependent correction : different
response correction for gluon, light
quark, b-quarks (b-JES)

- Tune the single particle response
difference between data and MC in
y+jets and dijets events

JES + MC Flavor corrections b

| xRl
<F>fy_|_jet Z@EZRiWC

F. corr —

Transfer Functions

parton jet
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JES at DO

. Jet Energy Scale: correct reconstructed & * {PF*"-259V  pg 30" |-
jet energy to the particle level S Z; Rcons 7 it -
8 6 ™ i

- Absolute JES = 1;—*-E.\——~——._f__————f_:_f.{'—;

- Separately measured for data and MC a4l p7>** ~ 100 GeV (b) =

e =

B — Fmeas — Eoffset 2f e

jet — R S = 3

esponse ' Y howring A5 3

S < W

. . 25 s W Showeringé

« Flavor dependent correction : different s -
response correction for gluon, light o

k, b- ks (b-JES B Mot

quark, b-quarks (b-JES)

. . s F D ml<04 (@

- Tune the single particle response = 80.021 = =
difference between data and MC in e .
y+jets and dijets events

-0.02- =i
-0.04 - =
d 4 — Correction
F 1 ZZE’LRZ ara _0.060 gtatistical USC. E
p— i - stematic Unc. -
< F > ey S E;RMC
"y—|—]€t 11t Yy 20 40 60 80 100 120
P, [GeV]
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— LA L AL B L DL
' DO . |<0.4 (a)
5 50.02r aet .
L L
——
0.00r ]
-0.02 .
_0'04__ —— Correction g
C Statistical Uncertainty 1
_0'06: Systematic Uncertainty
v o b o by v by o Ty |
20 40 60 80 100 120
p, [GeV]
13.01.2017

-0.02}

-0.04

-0.06}

LI B BNLIN LY LR DAL
. D& |I]c|et|{0.4 (b) ]
L —— Correction g
r Statistical Uncertainty 1
Systematic Uncertainty
[T T T TN Y T T T N T T [ N M E
20 40 60 80 100 120

p, [GeV]
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— Correction
Statistical Unc.

Systematic Unc. 1
1 I 1 I 1 1 | 1 1 I

20

40

60 HBDI 100 |12O
p, [GeV]
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Spin Correlation and Gluon Fraction

O = (1 — fgg)()q@ £ fggogy -

Assuming Q.5 ~ 1, the gluon fraction becomes

o= Oy = —0.36 + 0.02
Jgg 1—0,,

fgg = 0.0840.12(stat)+0.11(syst) = 0.08+0.16(stat+syst)
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