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Top Quarks at hadron colliders
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Top Quarks at hadron colliders

* Both strong and electroweak production
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Top Quarks at hadron colliders

strong pair production
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jets, b-jets, charged leptons, neutrino’s = need the full functionality of the detector
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Observing t 2 b W at colliders

s Run Number: 160958, Event Number: 9038972
Date: 2010-08-08 12:01:12 CEST
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Production at Tevatron and LHC

20 years for almost 6 orders of magnitude = the Top Quark era

1E+09 350/fb

© LS3

S ] ] (13TeV)

-g illustration 1S2 Still almost
= 100000000 - - 2 orders of
o 23/fb & 100/fb magnitude
40,:-; 10000000 (8TeV) _,__K___LLS_Tgy). ______________

> c

Vo 6/fb

o 1000000

= = (7TeV)

2o

< O

§ x 100000 T Teyatron o

S 9

o a 10000 -

IS 10.5/fb

- (1.96TeV)

- 1000

@ 2014

c 100 Year

>

z 2002 2007 2012 2017 2022

(caveat: assumed 13 TeV collisions with a cross section of 800 pb)
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ATLAS CONF-2014-004; CMS BTV-13-001

Using t =2 b W for calibration

I, q
w v, G Top quark events useful for both the calibration of the Jet
t g Energy Scale as well as the b-tagging performance.
b CMS Preliminary (stat+syst) E?;’:Fgetf :gﬁ‘é
) : 19.8 fb' at (=8 TeV * p-jets _ LUy
* Di-lepton events in ATLAS, assume |V,,|=1 e HCombined ff
* Likelihood fit on binned histograms of the b-
tagging discriminators to extract the b-tagging p— =
e ) : :
efficiency (PDF’s from simulation)
e Limited by systematic uncertainties JPT —=
> 1_, L _51.27| ™ w ™ —
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arXiv:1309.7570

Cross-section — Tevatron

Tevatron Run Il
CDF dilepton _ e = 7.09+ 0.83 8.8 fb™
g t . ’
CDF ANN lepton+jets - o 4 7.82+ 0.56 4.6 fb
g ,66 f CDF SVX lepton+jets @] 7.32+0.71 4.6 fb™
9 BT 7 CDF all-jets i e i 7.21+1.28 2.9 fb™
- CDF combined = e + 7.63+0.50
g Dooo ¢
D@ dilepton S e 7.36 +0.85 5.4 fb™
DO lepton+jets e 7.90+ 0.74 5.3 fb™
q : : t D@ combined — —i 7.56 + 0.59
— ~ 0 iT
9 90% Tevatron combined = o = 7.60+ 0.41
m, = 172.5 GeV
I Il Il Il Il I 1 1 1 1 I Il Il 1 Il I

6 7 8 9
pp — tt cross section (pb) at\'s=1.96 TeV
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Cross-section — pair production
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CMS Phys. Lett. B 728 (2013) 496

Cross-section and PDF’s

* PDF’s from the measured top g [
qguark pair cross-sections & p e Tops+ 20, A :
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CMS arXiv:1404.3171

Cross-section — Jet Multiplicity

Differential cross-section as a function of the jet multiplicity (testing higher order
QCD and an important background for ttH), measurement in visible phase-space.

The fractions with 0, 1, 22 jets are fitted to data histograms of a %2 variable
including the observed kinematics of the event (m,, and m,_,)

CMS,L=50fb"at \(s=7TeV

CMS,L=50fb"at (s=7TeV
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tt + 1 add. Jet
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0.332
0.436
0.232

o Dala S —
MadGraph+Pythia 1[
-------- MadGraph 2 =2 = 4*Q?
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CMS EPJC73(2013)2339; CMS TOP-12-027; CMS TOP-12-028; ATLAS EPJC73(2013)2339; ATLAS CONF-2013-099

Differential cross-sections

5 CMS Preliminary, 12.1 fo'at ys=8 TeV
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§|f‘3‘s S Py I A TR AR B BT
OB b 107200 600 800 1000 1200 1400 1600

mt [GeV]

“Status of Top Quark Physics” Jorgen D’Hondt (Vrije Universiteit Brussel) 13

BRUXELLES BRUSSEL



ATLAS Phys. Rev. D 89, 072012 (2014); CMS TOP-13-010

Cross-section — Top and Heavy-Flavour

* Top quarks in association with heavy-flavor quarks (b or c) are important
background events for several searches, eg. tt+H.

* Selected di-lepton sample with at least 3 b-tagged jets.

S e AR EaEs s e S ARRERs 5
3 107F atLas . L)?ta I £ 10 E T T | T T ’ T T -
§ 10°F J. Ldt=47f" ﬁj'z:: > - ATLAS ‘ ® Data .
o 105F Vs57Tev W light jets < 10k -1 — Combined fit
SRP: : S = Ldt=4.71b ----Heavy flavor 3
. sl \s =7 TeV ‘ ------- Light flavor .
107 E
10 =—aHigh purity | Medium purity | Low purity 3
10 B 7]
1 10° ¢ | } E
107 —— .
Vertex mass [GeV] 10 ET- ------ -i,"""" ceeennnd _E
High mass S — T e B .
Low mass 1o e f'."""""'."."""i =
No reconstructed secondary vertex - | | S
10 1 L | L | L
_ NO Se I/eL;W m, aSsngh ,haslsvo Se, I/eL;W m, aSsngh maslsvo Se, I/éow m aSsngh m, aSs
ex X ex
Ofid (ﬁ + HF) Tagged jet vertex mass categor
S gged | gory

Ryr = —
T e (T + )

Fitted fraction of Heavy-Flavour is 6.2 + 1.1(stat) + 1.8(syst) %.

CMS (8 TeV): o(tibb)/o(tjj) = 0.023 + 0.003(stat.) + 0.005(syst.) at 20 GeV
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CMS TOP-13-011; ATLAS CONF-2011-153; CDF arXiv:1106.3970

Cross-section — associated production
Top quark pa|rs with a photon
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Mis-identification rate of hadronic
activity is obtained from side-bands
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N
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of photon-ID variables in data, after a
simulation based reweighing from
side-bands to signal region. The

purity of correctly identified photons
is measured to be 66.7%.
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E.Photon > 20 GeV
AR(photon, b-quarks) > 0.1

INUIer 01 Privwons

CMS preliminary L=19.7 fo'' at ys=8 TeV
e e e R M

T 3

o Data 3

al Stat. uncert. MC
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H W + Jets E
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5 I Single top B

10 Il tty (Signal) E
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1 =

107 =
1+~‘ Lt + _L ‘b» b

600
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L i
0 200 400

= Uft+'y/0'ft

(1.07 +0.07(stat.) +0.27(syst.)) - 1072
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Cross-section — single-top production

Electroweak single-top production

b w
b
g t
Wt-channel
b w
e+
t ’
b
g t
l antiproton 5
proton
- o
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arXiv:1402.5126

Cross-section — single-top Tevatron

Single Top Quark Cross Section s+t channel
DG e/u+jets 5.4 fb™ —e— 3.43:%7 pb
CDF e/u+jets 7.5 fb™ —o— 3.04:>7 pb
CDF MET+jets 9.1 fb™'} ° 1 3.047% pb
DO e/u+jets 9.7 b —e— 4.11:%% pb
i 7 ez (2006) m, = 172.5 GeV

0 1 2 3 4 5 6
o(pp—> th+tqb+X) [pb]

400—s-channel single top quark, Tevatron Run I, L, <97 fo!
¢+ Data - observed background
[ Observed signal

{1 Background uncertainty

Events/0.1
w
o
o

IITIIT“IT

200

, . | 06 04 -02 0

-1
Discriminant output [Iogw(s/b)]
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Tevatron’s legacy . +

s-channel single top quark, Tevatron Run Il, L <9.7 b a

Measurement _ Cross section [pb]
CDF I+jets —e— 141704
CDF £ +jets —p— 11253
CDF combined :—o— 1.36 +gg;

' : +0.33
DO l+]etS ._'_. 1.10 032
Tevatron combined L o— 1.29%02°

Theory (NLO+NNLL)
1.05 + 0.06 pb [PRD 81, 054028, 2010]

1
L L L L L 1 L L L L | L L

0 1 2
My = 172.5 GeV Cross section [pb]

Observed significance is 6.3 o
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CMS TOP-13-009 (8 TeV); ATLAS CONF-2011-118 (7 TeV)

Cross-section — s-channel

* Multivariate analyses are developed, and sensitivity
limited by theoretical uncertainties q t

«  ATLAS (7 TeV): 0, < 26.5 pb (= 5.8 x o) L
* CMS (8 TeV): 0, o, < 11.5 pb (= 2.1 x 0°V)

Osch. = '39+81 pb muon channel
Assuming signal (0>0)

(Feldman-Cousins 68% CI)

6.91%7 pb electron channel

Osch. = 62+80 pb combined

CMS Preliminary, 19.3 fb ', Muons, s = 8 TeV

L L B L L L L L L B

N

© B '— 3 “E :
S - -| *data o F - :
Py N - £ 1.8~ ATLAS Preliminary :
~ 1000 - — [s-channel e F ;
c L - Mt-channel L
s f — g
m 800 - Ciw : 1.4;
C | B 12F
600 - | WZ+ets -
C 1 lW+jets 1
400 __ ] B Diboson 0.8
C Jaco 0.6}
2 - [E]Syst. unc. o\t
200~ | NRate syst. AN
: _____________ T 0.2:_ \‘.
0 i - e
07 06 05 .04 -03 -02 -0.1 0 0.1 02 00 .1” > : |||‘I'|||n|5|I.nl....\.y_\llmus
BDT Discriminant GObs (s— channel)/(St (s—channel)
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CMS TOP-12-011; ATLAS CONF-2014-007

Cross-section — t-channel

* ATLAS: Multivariate analyses to measure cross-section in q q
detector acceptance and extrapolate to full phase space

* CMS: fitting on || distribution

e Systematic uncertainties dominate g _

LSS AL BLELELELE NLELELELEN N AL BLELELELE BN EL B
ATLAS Preliminary [ Ldt=20310" 1s=8 TeV

¢ Data
[ t-channel
I, tw, s-channel

Data corrected with
acceptance correction from:

Events/0.25
13

NLO+NNLL (MSTW2008) JE I W/z+jets, dibosons
aMC@NLO(2—3)+Herwig — - []QCD multijet
Powheg(2—3)+Pythiaé — e [ZJSyst. uncertainty
Powheg(2—3)+Pythia8 — oHN -

Powheg(2—2)+Pythiaé . 2

AcerMC+Pythiab n=172.5 GeV

AcerMC+Pythia6 u=60 GeV =~——e—n
L I 1 L L 1 I L L L 1 I 1 1L 1 1 I 1L 1 1 L I 1 L 1L I L 1 L 1 I

40 50 60 70 80 .90 100 %05 1 15 2 25 3 35 4 45

/ S, [pb] K

O, (@MC@NLO + Herwig)= 82.6 + 1.2(stat) + 11.4(syst) + 3.1(PDF) + 2.3(lumi) pb

LHC combination to be updated ~ Otch=83.6 £ 2.3(stat) £ 7.4(syst) pb &
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CMS arXiv:1403.7366; ATLAS CONF-2012-056

Lepton Charge Ratio — t-channel

* Lepton charge ratio is sensitive to PDF models q q
HRLELELE BUELELELE RURLELELE RLRLELELE BLALELEL BLELALEL B AL L Tt w
ATLAS Preliminary det—47fb1 \s= 7TeV , r
ATLAS result ' + :
9 b
ABKMO09 ——
NNPDF 2.1 I
MSTW2008 P —e—i
GJR08 ——
CT10 (+ DO W asym.) —e——i CMS,L=19.7fb™, {s =8 TeV
CT10 5 - L BN B BN B B B B B
........................ CMS .
1.2 13 14 15 16 17 18 19 2 21 2.2 | 1.95=0.10 (stat.) = 0.19 (syst.) !
R, ABM11 e
CT10 —_—
CT10w ——
HERAPDF - |
MSTW2008 -
NNPDF 2.3 —
e 1, e
1 1.2 1.4 1.6 1.8 2

2.2
t-ch. = ol-ch.(t)/ol-ch.(t)
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CMS TOP-12-040; ATLAS CONF-2013-100

Cross-section — Wt-channel

BDT analyses have observed the Wt-channel at 8 TeV » w
. — +5.5 b
* CMS (12.2/fb): Oy = 23.4 *>> ., pb
— (6.10 obs, 5.40 exp.) g t
* ATLAS (20.3/fb): Oy = 27.2 + 2.8(stat) + 5.4(syst) pb "
— (4.20 obs, 4.00 exp.)
t
700 T T T T I T T T T T e ™~ RS RS R RS L IR IR IR R
- CMS Preliminary, /s =8TeV | — .\ S - ATLAS Preliminary --Data-backgroun ¢ t
600—12.2 fb ' ep/pp/ee channels |l | e o W
E 1j1t Wl Ziy*+jets ¢ §2) 300:__ \s = 8TeV, det =20.3fb 7/, Background uncer(ain[y__:
500 I Other c
-  [syst I L% "~ ep 1-jet 1-tag ]
% 400;— / —; 200
@ 300f -
i - 100
2002— —;
100f— —f 0
- 100 / 2 =
O - y W b ol a ey /7N P P P T
8|§o.51%/% (i aaatittadacal % 05 04 03 02 01 0 041 0203 04 05
-%.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
BDT Discriminant BDT Response
- O
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Cross-section — single-top production

G [pb]

02

[y

10

10

10

77

CcMS Preliminary 0 b T

Single top-quark production

tW

*

Lt

s-channel

1 IIIIIII|

Approx. NNLO Kidonakis, PRD 83, 091503 (2011)% o) F 1 " T '™ T T T | ' — 1 T T T 3
®  CMS, JHEP12(2012) 035 19 ~ATLAS Preliminary March 2014 7
A CMS, to be sub. to JHEP _ . . b
Approx. NNLO Kidonakis, PRD 82, 054018 (2010) g - single top-quark production t-channel -
O CMS, Phys.Rev.Lett 110, 022003 (2013) EENE N
4 CMS, PAS-TOP-12-040 15 >
Approx. NNLO Kidonakis, PRD 81, 054028 (2010)-| © 10 =
Y CMS, PAS-TOP-13-009 (FC interval) 19 =
| | | | | | | | | | | | | g C
3 4 5 6 7 8 9 10 11 12 13_14 O = ] NLO+NNLL at m, = 172.5 GeV
fs[TeV] & - MSTW2008 NNLO PDF -
< T stat. uncertainty
g 102 s-channel 3
c  F -
8‘ / #t-channel 1.04 fb™' pLe 717 (2012) 330 ]
o) = 3t-channel 20.3 fb™' ATLAS-CONF-2014-007 .
2 . Wt 2.05 fb' pLB 716 (2012) 142 N
‘» = TWt 20.3 fb' ATLASCONF-2013-100 3
- ¥ s-channel 95% C.L. limit 0.7 fb™' ATLAS-CONF-2011-118 7
| 1 | 1 | | 1 | | I | | 1 | | | |
5 6 7 8 9 10 11 12 13 14
\s [TeV]
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V,, in single-top production

Direct measurement of |V,, |, assuming BR(t>Wb)=1: w+
2 _ V,

Vi |2 = O’/O’th(|th |=1) ¢ b
Measurements at 4-5% precision, and limited by the
statistical uncertainty and more data will come. b
[. ATLAS: Luca Lista @ Moriond EW 2014\

o TTeV: |V, = 1.137004 (t-ch., 11.9%) >

Vol = 1.037%104 19 (tW, 17.0%) @
o 8TeV: |V,| = 0.97+0.01 (stat)*0% , (syst)+0.6(gen+PDF)* 092 (th)+0.01 (lumi) &
= 0.97+099 (t-ch., 9.8%)

V| = 1.10£0.12(exp)+0.03(th)  (tW,11.2%) Q
A\
e CMS: \&& \
o 7TeV: |V,y| = 1.020 + 0.046(exp) + 0.017(th) (t-ch. 4.8%) V| = 0.998 + 0.038(exp)
Veol = 1.01701¢ 5 13(exp) 0% g 4(th)  (EWV, 14.8%) + 0.016(th)

o 8TeV: |V, = 0.979 + 0.045(exp) + 0.016(th) (t-ch. 4.9%) (7+8 TeV t-ch., comb.: 4.1%)
V| = 1.03 + 0.12(exp)+0.04(th) (tW 12.3%)

\. t v,

- o
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CMS TOP-13-012

Cross-section —4 Top Quarks ?

. . . . . SM ~ 1 .
A combination of kinematic reconstruction and e M0 g 8TV
multivariate techniques is used to distinguish S
. - t
between signal and backgrounds. gg
i
\6&9 Madone,  “Multitopness” of the event | )
X
g t
) CMS Preliminary, 19.6 fb" at Vs = 8 TeV
g e-channel

Hadronic top 107

P Hadronic toP

Data - MC

MC

y b-iet MET}":". > o OS1M, ’ _;118 ° BDTI%isscriminanot'4
MET b-jet muon —
Lentonic top Fer mMuon upper limit: e of 4277 fb (expected)

6 63 fb (observed)
- o> .

"y
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CMS TOP-13-014, ATLAS-CONF-2014-008, CDF Note 11071, DO Note 6416

The Top Quark Mass

First LHC + Tevatron combination (11 measurements, 93% fit probability)

Tevatron+LHC m, , combination - March 2014, L _=3.5fb"-8.7 fb”
_ ATLAS + CDF + CMS + DO Preliminary

cor ntl bets ———i — 172.85+ 1.12 (0.52+ 0.49+ 0.86)
COF Runil, driepton o e ) 170.28 £3.69(1.95  +3.13)
CL[%FSTZT“’ et - —— 172.47 £ 2.01(1.43+0.95+ 1.04)
CLD‘:F:::?“’ rets - ® - 173.93 = 1.85(1.26 + 1.05+0.86)
no Rl et bttt 174.94 + 1.50 (0.83 + 0.47 + 1.16)
PO Funll driepton - o o=t 174.00 £ 2.79 (2.36 + 0.55 + 1.38)
ATLAS 2011, lrjets P —— 172.31+ 1.55(0.23+0.72+ 1.35)
ALTML:ASTE‘O”’ d-lepton —_— — 173.09 + 1.63 (0.64 +1.50)
CLMiigﬁ’ Hjets — ot — 173.49 1 1.06 (0.27+0.33+0.97)
Cﬁiig% di-lepton — 17250+ 1.52(0.43  +1.46)
CLI\%I_S&??L all jets PP 173.49 + 1.41(0.69 +1.23)
World comb. 2014 %, /"4 =510 e = 173.34 £ 0.76(0.27£0.24 £ 0.67)

25 TevaronMarch2013 (Runl+l) r—e—a 173.20 + 0.87 (051 0.36 £ 0.61)

8 S Lhe September 2013 ol 173.29 £ 0.95 (0.23+0.26 + 0.88)

- | | | total  (stat. syst)

165 170 175 180 185
- > My, [GeV]
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CMS TOP-13-014, ATLAS-CONF-2014-008, CDF Note 11071, DO Note 6416

The Top Quark Mass

 |mpact of the different measurements in the ATLAS + CDF + CMS + DO Preliminary
BLUE combination | |
 Comparing decay channels, experiments, Ly=s7! |
CDF Runll, di-lepton I 4.0
colliders Ly=so®’ .
CDF Runll, all jets 5.5
L =58fb" mies I '
Tevatron+LHC m, indiv. comb. - March 2014, L =35fb"-8.7 fo” CDF Runll, E. " +jets l 6.3
ATLAS + CDF + CMS + DO Preliminary L, =87fb" ’
o et —_— it —— 173.29 £ 0.80 (0.23+0.24 £ 0.72) DO Runl,lf l+jets I 103
% dilepton —— 172.74 £ 1.15(0.43+0.06 + 1.07) Ly =36f" !
2 DO Runll, di-lepton
@ alljets L ————— 173.17 £ 1.20 (0.65+0.30 + 0.96) L 53" ‘ 0.3
% T yjets — ° — 173.93 + 1.85(1.26 + 1.05+ 0.86) ATLAS 2011, I+jets . 15.8
C T BT S a ey e T L, =47 | :
o CDF — e @t i 173.19+ 1.00 (0.52+0.44 +0.73) ATLAS 2011, di-lepton .
O o = 174.85+ 1.48(0.78+0.48+ 1.16) L, =47 I o
f_g ATLAS [P — 172.65 + 1.44 (0.31+0.41+ 1.34) CMS 2011, I+jets . 277
L., =49fb" :
_O int
. . 173.58 £ 1.03 029+ 028+ 0.95) CMS 2011, di-lepton 3.1
O Tevatron — i —i 173.58 £ 0.94 (0.44£0.36 £ 0.74) Ly, =497 ’
= LHC —_— et ———y 173.28 + 0.94 (0.22+ 0.26 + 0.88) CMS 2011, all jets I 75
--------------------------------------------------------------------------------- L,,=35fb" -
World comb. 2014 — et —i 173.34 £ 0.76 (0.27 £ 0.24 £ 0.67) ;
2.8 Tevatron March 2013 (Run I+1l) bttt 173.20 £ 0.87 (0.51+0.36 + 0.61)
ES LHC September 2013 — et —i 173.29 £ 0.95(0.23+0.26 £ 0.88) |
| | | fotal] (stat. syst) Tevatron + LHC m,,, comb. !
170 172 174 176 178 180 | March 2014 5
rntop [GeV] | i |
-100 0 100

BLUE Combination Coefficient [%]

- o
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CMS TOP-14-001

The Top Quark Mass — update CMS

2D measurement with the Jet energy
Scale Factor (using kinematic fit)

CMS Preliminary, 19.7 b, |s = 8 TeV, l+jets

CMS Preliminary

| | | | | | I

\

!

[

myy L CMS 2010, dilepton O—755:46-460GeV
—> 4 Il o contour JHEP 07 (2011) 049, 36 pb" (value = stat = syst)
1 01 2 . 20 contour
' o1 Lo conowr CMS 2010, lepton+jets ® 173.1+ 2.1+ 2.6 GeV
-0 PAS TOP-10-009, 36 pb'1 (value = stat + syst)
1.008 CMS 2011, dilepton ® 1725+ 0.4 = 1.4 GeV
EPJC 72 (2012) 2202, 5.0 b (value = stat + syst)
1.006 o
CMS 2011, lepton+jets 173.5 + 0.4 = 1.0 GeV
JHEP 12 (2012) 105, 5.0 fb' (value = stat + syst)
1.004
CMS 2011, all-hadronic e 173.5 £ 0.7 =+ 1.2 GeV
1.002 : 1
arXiv:1307.4617, 3.5 fb (value = stat + syst)
171.5 172 172.5 =
, [GeV] CMS 2012, lepton+jets 172.0 = 0.2 + 0.8 GeV
CMS Preliminary, 19.7 fb !, \s =8 TeV, l+jets PAS TOP-14-001, 19.7 fb™ (value = stat + syst)
?) 250007~ -ﬂcorrecl Zildets 1
o r . [ wdets CMS Preliminary, 19.7 fb™", s = 8 TeV, l+jets 1 . !
d 1t wron| single top I - -
5 200000 T L 3 12000 Wl wcomee R 1 CMS combination 172.2+ 0.1+ 0.7 GeV
-.‘—3 F e F -ﬁwrong -slnglelop ] MarCh 2014 (Value * Stat * SVSt)
8 F @ 10000 D i unmatched B
é 15000: g r ® Data I e
o 100001 S soo0)- E Tevatron combination 173.2+ 0.6 = 0.8 GeV
r % 60001_ B Phys. Rev. D86 (2012) 092003 (value = stat + syst)
N o L 4
5000 [ ]
[ I L . '—'.'—'
. ‘ 4000r 1 World combination 2014 173.3+ 0.3 = 0.7 GeV
o S T 2000F 1 ATLAS, CDF, CMS, D0 (value = stat + syst)
S et : ]
go | o _;1|||11||1|||1111||1
s 0 w0 2008 Q ’ ] !
s . W
i tm'.ﬂw++++;+w+++++++++ﬂ 165 170 175 180
o T TR

77
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CMS TOP-14-001

The Top Quark Mass — update CMS

Measuring the | 6mP (GeV) §JSF | 6m'P (GeV)
key systematic Experimental uncertainties
b Fit calibration 0.10 0.001 0.06
uncertamh?s p1- and #-dependent JES 0.007
together with the 1,100 energy scale 0.03 <0.001 0.03
top quark mass MET 0.09 0.001 0.01
improves the Jet energy resolution 0.26 0.004 0.07
precision b tagging 0.02 <0.001 0.01
| Pileup 0.27 0.005 0.17
Non-tt background 0.11 0.001 0.01
Modeling of hadronization
Flavor-dependent JSF 0.41 0.004 0.32
b fragmentation 0.06 0.001 0.04
Semi-leptonic B hadron decays 0.16 <0.001 0.15
Modeling of the hard scattering process
PDF 0.09 0.001 0.05
Renormalization and 0.1240.13  0.004+0.001 | 0.25+0.08
factorization scales
ME-PS matching threshold 0.15+0.13  0.003+0.001 | 0.07+0.08
ME generator 0.23+0.14  0.003+0.001 | 0.20=0.08
Modeling of non-perturbative QCD
Underlying event 0.14£0.17  0.002+0.002 | 0.06+0.10
Color reconnection modeling 0.08+0.15  0.002+0.001 | 0.07+0.09
Total | 0.75 0.012 | 1.29
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arXiv:1405.1756

The Top Quark Mass — update DO

Applying the Matrix Element Source of uncertainty Effect on m; (GeV)
technique in the lepton+jet final Signal and background modeling:
tat the full Run-Il dataset Higher order corrections +0.15
>tate on the Tull Run-il datase Initial/final state radiation +0.09
174 OC : C | Hadronization and UE +0.26
m, — 17/ FQ (ot ‘ 10 (cve
my = 17498 +0.58 (stat + JES) £ 0.49 (syst) GeV 1 oo inection 1010
me = 174.9840.76 GeV, Multiple pp interactions —0.06
1.05 Heavy flavor scale factor +0.06
OE.Y9 7, " Nrrrrrr T T ] b-jet modeling +0.09
L [ 1]
x‘-’ i (a) DO 9'7_fb 1 PDF uncertainty +0.11
1.04F |+]etS_‘ Detector modeling:
I 1 Residual jet energy scale +0.21
I ] Flavor-dependent response to jets +0.16
1.03[ B b tagging +0.10
I 1SD ] Trigger +0.01
1.02" | Lepton momentum scale +0.01
i ] Jet energy resolution +0.07
1 01 33D ] Jet ID efficiency —0.01
"~ Im =174.98 £ 058 Gev - -7 Method: )
k - 1 025 + 0 005 ] Modeling of multijet events +0.04
JES | L Signal fraction +0.08
1 72 1 73 1 74 1 75 1 76 177  MC calibration +0.07
Total systematic uncertainty +0.49
mt [GEV] Total statistical uncertainty +0.58
Total uncertainty +0.76
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CMS TOP-12-030

Top Quark Mass - alternatives

example: using the B-hadron lifetime technique (8 TeV)

CMS preliminary, {s=8 TeV, [ L=19.3-19.6 fb"

Transverse decay length b
of the B-hadron |

eu-channel

¢ data .tf
Dother tt |:|th
.single top DZ—) Il
vy Bw- v

Jets / (0.1 cm)
®
o
o

\
-
S
o
o
TT T T T[T T T[T T T [T T[T T [ TP T T TJITr[TTT
[TTTTTTTTTT T

CMS Simulation, Vs=8 TeV

5" awoname Main uncertainty is 0 1 2 3 s
074 —— p+jets-channel . Ly [cm]
" - e+jets-channel the mOdellng of the 2 1.5F 4ot
top quark S o srmemestemern AR
Pa Pr g0‘50—""1""2""3""4""5
Channel m; [ GeV ]
muon-+jets 173.2 £+ 1.0stat £ 1.6gyst £ 3'3pT(t)
-, electron+jets 172.8 £ 1.0stat £ 1.75yst = 3.1, p)
O e T 180 8 electron-muon  173.7 £ 2.0stat = 1.4syst £ 2.4, (1)
P m,=173.5+ 1.5, + 1.3, 2.6, GeV
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CMS FTR-13-017

Top Quark Mass - future

Non-standard methods

Standard methods

Stat+iJES

==b-JES ==UE,CR

ndpoints .. . . == Total
CMS preliminary projection :JS;: meth- :i dpoint CMS preliminary projection —b.
4 y p— ers
S E Prsorl 30 for” 300 fo" 3000 6" 3 > 1.2 ... 30 b 300 fb"
Q B 13 TeV 14 TeV 14TeV 7 Q - 13 TeV 14 TeV
¢ 3.5 - (O] i
| S| L - Tl
> af 2 > 1r
- 3 — -
S ] S [
£ 25 i Sosf
) - . ) i
S 2f 1 2.6l
- E - -3 0.6 B
81.5F = & [
£ | 1 Eg04r
O el ; i
= 0.5F \__ 0.2
oF . ol

3000 fb! =
14 TeV

spoylaW "piS

of work to reduce the uncertainty by a factor 3-5.

Two or three orders of magnitude in Top Quark sample size, but it will require lots

- o
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ATLAS Phys. Lett. B 728C (2014); p

pp.363-379, CMS JHEP 06(2012)109; CMS TOP-12-031

Top Quark Mass — top versus anti-top

|||||||||||||||||||||||||||||||||

I
ATLAS N
\'s=7TeV ~

f Ldt=4.7f"

800

700

® data

Signal+background

600

— ttbar

Events / 8 GeV

" —— Background
500 N SR Uncertainty
400 y
300
200

100

IIlIIllIIIlIIIIlIII[lIlITIII{IIIIIIIIIl

lIII|llII|IIII|\III|[III|JIII\IIII|JIII|

300 150 -100 50 0 50

100 150 200

A [GeV]

CMS Simulation at Vs = 8 TeV
r~—T+—7rr—rT 7T T T T T T T T
22/ ndf 10.08/7 |

lepton + jets pO -1.896 +0.02215
pt -0.1396 + 0.004124

-

,\A\.\-

mean fitted - generated mass (GeV)
o

IllITITIII{IIIIITIIIIIIIIIIIITI III{_L
L

-10 -5 0 5 10 15
generated top-quark mass - 172.5 (GeV)

L

m_
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Unique testing of CPT invariance on

bare quarks

Source CMS TOP-12-031 Estimated effect (MeV)
Jet energy scale 17 £15
Jet energy resolution 8+11

b vs. b jet response 64+7
Signal fraction 45 +2
Background charge asymmetry 12.43 +0.03
Background composition 501
Pileup 17.4+0.4
b-tagging efficiency 20£8

b vs. b tagging efficiency 43 +6
Method calibration 15 + 54
Parton distribution functions 12£3
Total 122

Results (in GeV), still statistics dominated

CMS 7 TeV -0.44 +- 0.46 (stat) +- 0.27 (syst)
CMS 8 TeV -0.27 +- 0.20 (stat) +- 0.12 (syst)
ATLAS 7 TeV 0.67 +- 0.61 (stat) +- 0.41 (syst)
Jorgen D’Hondt (Vrije Universiteit Brussel) 32




CMS arXiv:1404.2292

Top Quark Decay '

Branching to other quarks t>Wq is measured b
R = BR(t>Wb) / BR(t>W(q)

CMS, Vs =8TeV, [Ldt=19.7 fb"
=

Mis-reconstructions taken into account in a large likelihood & Tggemc /448 E
fit (eg. jet assignment & flavor tagging matching). B-tagging dLosf  swa g i E
a f o ' !
efficiency from other measurements, and no |V, | s ool Mg ; -
assumption made. T oss- ' g E
5 ¢ s
CMS, {5 =8 TeV, [Ldt=19.7 fb" e O 5 E
@ 12000 , — - :
= - ee events | uu events | 2jets ey events 0.75[; ! =
> — o Data | | - ;
L 10000__ . | | fo= 0.7F ' ]
L Dtt_ | | =
8000 — []Single top quark | , 0.65 E E
- [J2z- i (data) | | Y AT .
- . 0.6 0.7 0.8 0.9 1 1.1 1.2
6000 |— Ew ) o : 3k Measured R
- Bw, multijets, other tt | |
4000 iy | S :
u | b Also indirect Top Quark width:
L 4 jet
2000 _ - ro_ _ Oieh I'(t — Wb)
u ] t— ' theor.
— ==2 | B(t — Wb) gtheor
01234012340123401234012340123401234012340123414 )
b-tagged jet multiplicity Zq B (t — Wq) =1

R = 1.014 4 0.003 (stat.) + 0.032 (syst.) —
R > 0.955 at 95% CL 't = 1.36 £ 0.02 (stat.) Tyq7 (syst.) GeV

- o
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CMS TOP-13-008

W helicity in Top Quark Decay

Reweighting method to fit the cosO
distribution with 2 free parameters
Theoretical uncertainties dominate
and the MET shape

spin analysing basis
lepton neutrino P ysing

neutrino
\ /;
b-jet boost to top quark rest frame \\ ,/I
L Y
b-jet
top quark
lepton
1 dar 3 s 3 3
c0sf) = = = —(1-cos 8 ), + = (14 cos ] )Fg + = sin? 6/ Fy,
p( I) FdCOSBf 8( I) L 8( 1) R 1 1 5o

Fh = 0.659 £ 0.015(stat.) = 0.023(syst.),
F, = 0350+ 0.010(stat.) + 0.024(syst.),

- o
’ ; e “Status of Top Quark Physics”
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F o4 :— ‘,:-;' /l/ \ _

o7 - v_1am1gR gl_—V=O .
os - ]

os Fo=I4/T ]
L Fr=I7/T,, (nescﬂed) ]

i 0.75 05 025 * o 025 0s 0.75 7
cosO*
B & muon+jets
= T '
C CMS preli aTv 196 ' it bkg
5000 pre |m|nary, e I e
C [ single Top
4000
c C
Q -
330001
=] C
— -
w2000

11 1'1 s EE R T T TR
-08 06 04 02 0 02 04 06 08 1
cos(6%)
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ATLAS CONF-2013-033; CMS TOP-12-025

W helicity in Top Quark Decay

I I I I I I I I 1 | I I I 1 ] I I | I I I I

ATLAS and CMS preliminary
\s=7TeV,L =35pb"-22fb" | Fy F, F,

B NNLO QCD
Combination

o=+ Data (F_/F/F))

ATLAS 2010 (single lepton) »I T I Sy
@

ATLAS 2011 (single lepton) - A

ATLAS 2011 (dilepton) e A

CMS 2011 (single muon) e A

LHC combination . - A

| | I | | | | | | | | | | | 14 | I | | | | I
0 0.5 1

W boson helicity fractions

- o
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CMS TOP-12-020

W helicity in Top Quark Decay

Also measured this distribution FComb. — 0,293 + 0.069(stat.) =+ 0.030(syst.)
in single-top events FEomb. — (0,713 + 0.114(stat.) =+ 0.023(syst.),
Fgomb: — —0,006 + 0.057(stat.) £ 0.027(syst.),
@« 250 CMS preliminary, 5.3 fb' at {s =8T—i‘—ldata _ CMS preliminary, 7 TeV & 8 TeV
s [ N t-channel "l
3 | - tW-channel |
'E B - s-channel |
é 200_— —gi-boson B
> | Bl w+Jets 05—
R 2 22220 Ny /Z+Jets B
212k 1. - QCD ~
150 Gt 2222 e EZ3 Stat. Unc. B
..... Cin
PP g :
100 o5
E P @95%cC.L.
- ] @6s8%c.L
| e Bestfit
_________ 0y —1.5f_—IIIIII|III|III|III|IIIIIIIIIIIlIIIllII
02 04 06 08 1 8 -06 04 02_0 02 04
cos(67) Re(g)
anom. — __8 ok (V, P, + VgPr)tWy — i (8LPL + grPr)IW, + H.C,
V2 V2 my
- o
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ATLAS Phys. Rev. Lett. 111, 232002 (2013)

Top Quark polarization

b / d u
o (NLO) | -0.39 | 0.998 | 0.93 | -0.31

Psy = 0.003 + 0.001 [PLB 725 (2013) 115]

Parity conservation in the strong production of top
guark pair events implies zero longitudinal
polarization of the to quarks.

d’c
%d[cos(@,—)]d[cos(@,-)] - %[Pafi cos(0i) + Pajcos(b)) + Aajaj cos(6;) cos(6;)]

P=2Ap Ap = 0.005 £ 0.013 (stat.) & 0.020 (syst.) £ 0.008(pt reweig.)

Ap — N(cos 0,)>0—N(cos 6,)<0
P — N(cos 6¢)>0+N(cos 0,)<0

1!I![.I\tll|I1!I‘!Il!l!!I\!\\Illl!!l‘ll!!l!l\\llll! lll\lll\tlllllllI\11|!II!!1\llll\ll‘llllll\ll‘llll 1_. _!II‘II||III|I\I]III|II|‘IYI|III|I1I[III
e+jets e+ets A o L _{ e Daa ]
i+ jets Bl [gdt= 471 i+ jets e [Ft= 471 T [ diepton  s_7Tev BZ0m

i - ' , D 1000 () vt or

£ +jets '—*’H \[s' 7TeV £ +jets H-' \/§-7TeV Lﬁ i [ biboson

- NP/fake leptons 7]

ee ee —t * ; 800 L 7/, Stat. @ Syst. Unc.__

eH Uncertainties eu M= Uncertainties 600F

Ly r—f—o—H — Statistical i H—O—H — Statistical 400K

. — Total i Hd._H — Total
Dilepton '—H-Hi Dilepton | 2005 B

Colmbin?d | | HH_F | | | | COImbineld | | Tﬂ | | | |
05 04 -03 -02 0.1 0 01 02 03 04 05-05 -04 03 02 -01 0 01 02 03 04 05 -1-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
cos9(7
asPepc asPepy )
CP conservation/violation in top decays if top and anti-top have same/opposite Parity
- o
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CMS TOP-13-001

Top Quark Decay — polarization

Also polarization measurement using Single-Top d !
dl’ I 1

o 1+ P, Ox) =T A 0 W

d cos Ox 2( + Py cos fx) = (2+ x cos 0x) b ¢

(angle between the charged lepton and the untagged jet)

P = 082 +0.12(stat.) £032(syst.) = 0.82+£0.34(fot) oy wy

1= = Pt K =
(with o= 1) Should be 100/ polar:zed due to V A coupling 2 N1 +N{)
' I 1 x10°
data ............. - T T T T — - - - - - 11
i t , .
600 mmby e ] A=0.42+0.07 (stat.) £ 0.15 (syst.) -
[ mmaiboson R— e P 200 « unfolded data .
Qcb F ; P | B generated (POWHEG) ]
400} st e 7Z4generated (CompHEP) T
ool | s unfolde +
100 = b -
1 05 0 05 1 S
cos 0
» 1 H B o
g [
, » » - muon channel 1
T T8 06 04 02 0 02 04 06 08 -1 -0.5 O 0 5 1
cos 0"
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ATLAS Phys. Rev. Lett. 108, 212001 (2012); ATLAS CONF-2013-101; CMS Phys Rev Lett 112 (2014) 182001

Top Quark spin correlations

£ 20005 A7145 Proliminary — fit result 1 do 1 5 - ATLAS Preiiminary I
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CMS FTR-13-016; CMS Phys. Rev. Lett. 112 (2014) 171802; ATLAS JHEP 1209 (2012) 139; ATLAS Phys. Lett. B 712 (2012) 351-369; CMS TOP-14-003

Top Quark Rare Decays — FCNC

BDT analysis combining for example kinematic variables of the
photon, lepton and jets in the single-top event

+ —
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CMS FTR-13-016; CMS Phys. Rev. Lett. 112 (2014) 171802; ATLAS JHEP 1209 (2012) 139; ATLAS Phys. Lett. B 712 (2012) 351-369; CMS TOP-14-003

Top Quark Rare Decays — FCNC

The limit for FCNC is reduced by orders of magnitude, and this will

continue
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BR(t — qy)

CMS, projection using the selection efficiencies for signal and background
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B(t — Zq) 195fb ' @8TeV | 300fb™ ' @14 TeV | 3000fb " @ 14 TeV
Exp. bkg. yield 3.2 184 1841
Expected limit < 0.10% < 0.011% < 0.007%
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CMS SUS-13-002; ATLAS arXiv:1403.6293

Top Quark Rare Decays — FCNC

CMS (8 TeV) re-interpretation Higgs Decay Mode

obs exp lo range

of SUSY multi-lepton analyses | # = WW* (BR=23.1

%) | 1.58% | 1.57 % | (1.02-2.22) %
%) | 7.01% | 4.99% | (3.53-7.74) %
%) | 531% | 4.11% | (2.85-6.45) %

Limits at 95% CL RGN Eggfgg
BR(t=>cH) < 1.28% ———
combined

1.28% | 1.17 % | (0.85-1.73) %

top-charm flavor violating Higgs Yukawa couplings of \/ IAR12Z+ |AR12 < 0.21

ATLAS (7-8 TeV) d
using H>yy
Limits at 95% CL .

BR(t>qH) < 0.79%
VIR + AL < 017
Expectation in SM: BR(t—2>cH) = 3. 10%°

102

LA LA B B S S B S B B S S B S S |
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—e— Observed
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ATLAS JHEP11(2013)031; CMS TOP-11-031
Top Quark Charge

Event-by-event reconstruction of the
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- i i © 200k —
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DO arXiv:1405.0421; CDF Note 11035

Top Quark Event Variables — Asymmetries

Tevatron4 top LHC A top
anti-top anti-top
A
Ars _ Ac _
n n
7 2 N(Ay>0)-N(Ay<0) 4 =N(Al>0-N(Alyl<0)
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e Agrees with SM expectations - I
o . ~ . 4. . @ 0.2_— . I et N
CDF result with ~20 deviation is shown < B §.-;;.-.:§§iimmher S
0 MO@NLO v3.4 PRD 86, 034026 (2012)
0.2 !
0.4
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ATLAS JHEP11(2014)107, CMS Phys. Lett. B 717 (2012) 129

Top Quark Event Variables — Charge Asymmetry
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CMS JHEP 04 (2014) 191

Top Quark Event Variables — Charge Asymmetry

First measurement in the di-lepton channel of the lepton charge asymmetry

CMS, {s=7TeV, 5.0 fb™
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CMS TOP-12-033

Top Quark Event Variables — Charge Asymmetry

CMS Simulation
Measurement in the lepton+jet channel ¢
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ATLAS JHEP11(2014)107

Top Quark Event Variables — Asymmetries

LHC (proton-proton) Tevatron (antiproton-proton)

AC:N(A|y|>0)—N(A|y|<0) N(Ay > 0) — N(Ay < 0)
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Top Quark Physics — the future

 TOPLHCWG success

1.y
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