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S Overview

Top Quark in the SM: Free parameter in the SM:

= TOp mass
= Electric charge +2/3 e

= Short lifetime 0.5x10**s
= Width: ~1.4GeV
= Branching ratio:

~100% decay into W'b
= Spin correlation of tt

Other things we can
learn from top events:

= Top unpolarized in pp—tt = CPT violation:

= \W helicity in top decay = Top-Antitop

= Small charge asymmetry mass difference
= | arge coupling to Higgs = tt4+V
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g Overview

Top Quark in the SM: Free parameter in the SM:

=" TOp mass
m Electric charge +2/3 e

= Short lifetime 0.5x10**s
= \Width: ~1.4GeV
= Branching ratio:

~100% decay into W'b
= Spin correlation of tt

Other things we can
learn from top events:

= Top unpolarized in pp—tt = CPT violation:

= \\/ helicity in top decay " FCNC Search = Top-Antitop

= Small Charge asymmetry = CP violation mass difference
= | arge coupling to Higgs mtt4+V
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Top Quark Mass

= Motivation:

= Not predicted by the SM

= Together with Higgs: check consistency

= Several measurements by LHC and Tevatron collaborations

= In various channels, using various methods

= | HC combination: LHC m,, combination - September 2013, L =3.5fb"- 4.9 fo'
ATLAS + CMS Preliminary, {s =7 TeV
T = e — 172.314 0.23+ 0.72+ 1.35
ATLAS 2011, dHepton —e——1  173.09+ 0.64 +1.50
M 20T e —e4— 17349+ 0.27+0.33+0.98
VS 20T AHEPION g gty 172.50+ 0.43 +1.46
FVE 20T Aes ——a—— 17349+ 069 +1.23
LHC September 2013 — 01 = 173.29+0.23+0.26 + 0.88
Tevatron March 2013 - i = 173.20+ 0.51+ 0.36 + 0.61
| | | | | T
ATLAS-CONF-2013-102 166 168 170 172 174 176 178 180 [
mtOp e

CMS PAS TOP-13-005
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W (55 Top Quark Mass

u ATLAS |n tS: 3 00 | reirr|1ina
pu § oo gTAS Py useea
= ATLAS: |+jets and dilepton final state g oo [Jovse 105
with template method g oou
E oo
= |+jets: 3D method: T oo
fit top mass, JES and b-JES core
O Te0 180 200 220
mize® [GeV]
o 1.01 F_:_n_q_s,s.otb", (s =7 TeV, {+jets 253
= >
1.005 20§
= CMS inputs: | B )
0.995
= CMS: I+jets, dilepton and all-hadronic . 10
= |+jets and all-hadronic: ideogram method 0,585 g 6
= Dilepton: template method “m N
172 173 174 175
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MAN Top-Antitop Mass Differencew

= Do top and anti-top have equal mass? —éms e T
§ o0os[ Vo7 TV f;jlz\ --------- : E
= If not: CPT violation! S 0oest 3

0.02

= Using template technique in I+jets events .

0.01F F =

= Kinematic fit of tt events, with

0.005F ¥ =

top antitop mass difference as et e
free parameter in each event Al [GeV]
= Assume average top mass of 172.5GeV

= Result: & "F arias y E
& 500—\s=7 TeV — Signal + Backg —
m, - mE=O.67iO.61(stat)iO.41(syst)GeV § b [ Lat-ern ssaowsen 3

3005

2003
= Still statistics limited 100 :
= Good agreement with the SM! 98 B R o
arXiv:1310.6527 A [GeV]
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http://arxiv.org/abs/1310.6527

M“N Top Quark Charge

= Exotic model with top charge -4/3 e could be possible (SM: +2/3e)

= Use |+jets events with at least 2 b-tagged jets
= Lepton-b pairing: Expect m(l,b)<m w
— use for choice of pairing

op

= b-jet charge: e o= Z 0. »
weighting technique Zi(l?i])

k: weighting factor

= Use up to 10 tracks in jet

= k set to 0.5 (optimized on tt events)
= Determine top charge from

= Lepton from W
= b-jet charge
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MAN Top Quark Charge

= Calculate charge and build templates of Qcomb = Q)_ic - Ot

g 1 60 __ T T T T T T T T __ % 200 __I T T T T T T T T =
E' - ATLAS /f e+jets . __‘:_5_‘ - ATLAS u+jets 3
o 140 e Data20ll ] o 180 4 e Data2011
S C I Ldt=205f" o ﬁfﬂ" C s ] § 160: Ldt=2.051b C# -
> - "u"/ . B Single i 1 — : I Single top —]
L 120 ys=7Tev A 5’ 77 | r;sﬁijet{;ﬂnm ] w E o Vs=7TeV H I Mutti-jets (DD)
= [+ ] Wjets ] 140 ¢ 1"-1. E ;Hj?ts —
— d [ Z+jets ] - H +jets -]
100E [ DiIIJuson 7] 120 gy 1 O Dil!roson —
— uncertainty ] C uncertainty ]
80— i i ] 100 - i —
o0 - B0 E
- ] 60— —
40— - E -
C . 40— 3
C ] oE ]
c'} E T T T T (.J E . :

S 150 §*+ + T4 s 15F # 4 + E
5 o + # E 5 = +oa bt E

8 E + #%ﬂtﬂr m%-% 8 T ¢4+ H—*‘*—#ﬁ—*&—ﬁ"—#i .
0.5 - 0.5 + =

-1 05 0 05 1 -1 05 0 05 1

comb comb

arxiv: 1307.4568

Exclude exotic top charge of -4/3 e with more than 8 sigmal!
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i Asymmetry: Idea

= NLO QCD: Interference between qg diagrams — causes tt asymmetry

= Top quarks more likely to go -

P—e— P
into direction of incoming quark

t
= At Tevatron: asymmetry measured somewhat higher than SM prediction

= | HC: Quarks are valence quarks, antiquark always are from the sea
— antitop less boosted and more central than top in case of asymmetry

= Measure charge asymmetry at LHC

LHC A top
y _N(A|y|>0)—N(A|y|<O) anti-top
© N(Alyl>0)+N(Alyl<0)
) E+p
— _ —_ z n
lyl= 1yl -lyd  » 21n<E_pZ)
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MANCH%EER Charge Asymmetry: l+jets

= Charge asymmetry in |+jets events

= Inclusive, differential and for highly boosted tt events

= Enhancement of sensitivity to BSM effects
= Corrected of detector and acceptance effects: Full Bayesian unfolding

= Inclusive: A =-0.006+0.010(stat+syst)
= Compatible with SM prediction of 0.0123+0.0005

; ; . B her, Si, PRD 86, 034026 (2012
= Differential wrt. several variables: erreuther, 51 ’ (2012)

thE sensitive to ratio of negative and positive
contributions to overall asymmetry

= M. dependence as qq process enhanced for larger m

= gg-fusion dominant in central rapidity region, qqQ
process contributes more for forward rapidity region ATLAS.CONF-2013-078

24.11.2013 Yvonne Peters 10



MANCHESTER
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Charge Asymmetry: I+jets

0.2

0.15

0.1

0.05

Axigluon m=300 GeV
Axigluon m=7000 GeV

ATLAS Preliminary—|
\,§= 7 TeV 7

Ldt= 4.7 b’

0

-0.05

0.4

II|IIII|II
100 200 300 400

i I [
500 600 700

o T T
<< L
015" _4— unfolded

0.1

0.05

I sm
Axigluon m=300 GeV
Axigluon m=7000 GeV

ATLAS Preliminary
E: 7 TeV

J-Ldt= 47 fb'

-0.05

o

= No deviation from SM expectation seen

24.11.2013

02 o0&

&_’ 0.251 TT II TT T | TT T | TTT7T TT T | TTT1T | TTT1T | TTTT | TTTT | TT I:
£ —4— Unioided ATLAS Preliminary J
0.2 I sm Vs=7TeV -
- J-Ldt= 47 b’ 1
0.15F -
0.1 -
0.05— —
o =
-0.05 * —
Foo ol | | [ IR

0 10 20 30 40 50 100

)
o)
0=t
S

< 05—“_,'2 Unfolded ATLAS Preliminary_i
:_ Axigluon m=300 GeV 1{§= 7 TeV _f
= Axigluon m=7000 GeV Ldi= 47 fb" 3
0.4 = .
o3 3 Large velocity
5 1 of tt system
of | :
000 500 500 400 500 600 700 800 600
m, [GeV]
ATLAS-CONF-2013-078
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[ (53 Charge Asymmetry: Dilepton

» Tnclusive measurements:

2000 7 oS pratminary 8 e -

- A'=0.023+0.012(stat)+0.008(syst) L1000 o fiocarw e
LTI 16001 : E

= |:Idibosons ]

* MC@NLO prediction: 0.004+0.001 14001 Q% T
1200F SRS ]

= A_=0.057+0.024(stat)+0.015(syst 00;

©

IIIII |IIII‘\IIIlIIIIlIIIIlIIII_ |OOO:_ _:

o 1600 ATLAS Preliminary é 2011 Data ] 800 - X200 o B

~ - & . - R
_N(AW>0)-N(Al]<0) 8™ Sliow B o ®
A C - g) 1400p N E jil;sons _ - .
N ( A |r’| > O ) + N ( A |n| < O ) vy 1 200: % :'ot:'o‘:’::z’:: -fake leptons : 400:_ . - _:
: E§§§§§§’.".“§§§ orm. uncertain : 200 :_ AR _:
1000} 1o —— ]

800: 2555 o -

VAR

= Combination of ATLAS ®°
A_results in |+jets and 0

dilepton final state

200+

93 -2 1 0 1 2 3

= A= 0.029+0.018(stat)*+0.014(syst) i -n ATLAS.CONF-2012-057
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mailto:MC@NLO

— Polarization «©

= Motivation: some models predicting larger asymmetry at Tevatron
also induce top polarization = by

Reactmn pl%ﬂe »

= Predicted to be ~0 in SM

= Doubly differential distribution:
doocl*x(xP),cos0,+=(xP),cos0,—Ccos0 cosb,

AN

g

P : polarization; C: spin correlation; K;: spin analyzing .
power of decay product i; 0,: direction of daughter wrt. chosen axis

= Measurement in dilepton and |+jets final state: use coso templates

= Reconstruction of full tt event required
= Template fit for two scenarios:

- CP conserving: (a«P) =(aP),

- CP violating: («P) = -(aP),

24.11.2013 Yvonne Peters 13



e Polarization

= CP conserving: CP violating:
. L IR I IR I DL DA I L I :"' I""‘'""""""""""I"'I"‘: — L L B B L L L B L LB B L L S L L AL B B IR BN LR
2 s00- ATLAS [wdt- 47t IF ~Data —~aP=0 1 S | ATLAS [dt=4710" ] ~Data --aP=0 ]
*2 - dilepton —Fit aP=+0.3 ﬂzsooisinglelepton - 1F —Fit aP=+0.3
g 500 \/§=7TeV§? PBkgd.  —-aqP=-03 § g Vs=7TeV |}
_____ L pegm AT ] ] L
400f —

300F &
200k |
100} 1t -
O A A [ ; /
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1-1 -0.8-0.6-04-02 0 0.2 0.4 0.6 0.8 1 of WA ddsississinisii 7
cos 6(¢£7) cos8(¢7) 21 0.8-0.6-0.4-02 0 0.2 0.4 0.608 11 -0.8-06-04-02 0 02 0.4 0.6 0.8 1
cos 8(¢%) cos ()

" Results: o p.,.=—0.035+0.014 (stat)+0.037 (syst)

&, Pp,= 0.020+0.016(stat)" ) op (syst)

0.017

= Consistent with SM prediction

arxiv:1307.6511
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<>

g tt Spin Correlations

= Test full chain from production to decay!
= LHC: ~85% gg — tt: dominated by like helicity gluons at low Vs

= Three sets of variables with complementary information:

= Simple azimuthal angle: A¢=|¢ - |

* No klnimaé:_lc d d| ATLAS Preliminary tt spin correlation measurements
reconstruction needadea: J- ;
Ldt=4.6fb", \s=7TeV f, *(stat) *(syst
= Angles 0. (0,) between decay P S
products and quantization axis I A e
. . S |-|—o—n-| .87 £0.11 £0.
= Ratio of matrix elements between |~*° T Mo
correlated and uncorrelated costeost —m 0.75 £ 0.19 +0.25
hypothesis g - (|M|%R+|M|EL)corr ﬁzfi(r:;);azi(&) — 0.83 +0.14 +0.17
(lMléR + |M|EL)UIIC0]T 0 0j5 -II 1:5 2

Standard model fraction

= Measurement performed in dilepton channel ATLAS-CONF-2013-101
24.11.2013 Yvonne Peters 15




MANCHESTER
1824

tt

Spin Correlations

m -
S 2000 A11AS Preliminary — fit result
@& 1800F 1 -t (A=SM)
E |Ldi=46m" (s=7Tev — tt (A=0)
1600 -+ data
E back d
1400 I bac 9'°‘ff _________
12000 g
1000 B
8001 e
600F [
400F=
200
]
% 05 1 15 2 25 3
A [rad]
£ 20000
2 - ATLAS Prelimina — fit result
= 18000F ; i -t (A=SM)
-516000ledt:4.6fb' s=7Tev 1t (A=0)
o . =+ data
& 14000 [l background
£ -
S 12000F-
w -
10000
8000
6000
4000F
2000 *
07708 06-04-02 0 02 04 08 0.8 1
COS(8+)GOS(&}heIici‘ry

= Measurements compatible with SM prediction

v -
S - ATLAS Preliminary — fit result
@ 2500 Py T H (A=SM)
- | Ldt=46f" {s=7Tev tt (A=0)
C == data
2000 [l background
15001 .
1000F- e
500 "'
O ™02 04 06 08 1 12 1.4 16 18 2
S-Ratio
= 20000 .
2 - ATLAS Preliminary — fit result
< 18000F 1 -~ (A=SM)
- ~ _ - P B P N S— 3
516000:_de1_4.be {s=7TeV +tdt£:=0)
: —
© 12000
w c
10000F-
8000F
6000F-
4000F
2000F v
0 08 0604-02 0 02 04 06 08 1
COS (B+}cos(8_]mim .

ATLAS-CONF-2013-101

24.11.2013
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Negative
Helicity
F =0.31

f

b

Zero
Helicity
F,=0.69

W Helicity

= | eft handed coupling of W-boson to fermions:
Not every combination of spin for W and b-quark is allowed

= 8 et 1

Positive
Helicity
F.=0.0017

:

-

~ |eft-handed
— |longitudinal
+==+ right-handed

= sum (SM)

05 1

cos 0

= Measure angle 0* between down-type decay product and reversed
direction of the top quark in the W rest frame

24.11.2013

Yvonne Peters
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— W Helicity

= | HC combination using ATLAS & CMS measurements

= Dilepton and |+jets
= Template fit and asymmetry measurement in cos 0*

= Combination done using BLUE

T 1T 1 T 1T 1 T I T 1T 1
| | | y —

- W - .
ATLAS and CMS preliminary 0.5 - \_ATLAS and CMS preliminary
\s=7TeV,L =35pb"-22M"| Fq F, F, - Liy=35pb"-2.21" ]
EEEE NNLO QCD 0.45 (s=7TeV 7
Combination - ]
o= Data (F/F,/F) 041 E
ATLAS 2010 (single lepton) L 035 L . E
ATLAS 2011 (single lepton) - e - :
ATLAS 2011 (dilepton) . Hae 0.3 [ C Data ]
CMS 2011 (single muon) A - Il NNLO QCD -
LHC combination M bk 025  — Unitarity boundary ]
| | | | | | | | | I | | | | | : ]
1 | 11 1 | | 111 1 | 11 1 | | 111 1 | | I | 1 1
0 0.5 ! 05 055 06 065 07 075
W boson helicity fractions F,

= Good agreement with SM prediction  ATLAS-CONF-2013-033
CMS PAS TOP-12-025
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I (5% Anomalous Couplings

= Using effective field theory: translate helicity fractions into
couplings — set limits on anomalous couplings

----------
llllllllllllllllll
llllll
(N "
----
0N v,

LV
9 7 u r— g + 10" gy -
Lww = ——=by" (VLPL + VRPR)E W) — —=b— {9.Pr + grPrjt W, +h.c.
Aﬂ: 1_
2 [
4} L
* 0.8 N
0-5:— LHC combination preliminary V=1,V _=0
[ \s=7TeV, L =35pb'-2.21fb
0.4f Ns=TTeV, L,=35p Bss% cL
0.2[ | |os%cL
D:— * SM
0.2 ‘ ‘
R e N T
Re(g,)

24.11.2013 Yvonne Peters 19



T CP Violation

= Test anomalous couplings in t-channel single top — probe Im(g)

= Events with 2 jets, one identified as b-jet, 1 lepton, missing ET

= Asymmetry in cos o"

= 0": between direction of lepton in W rest frame and W in top rest frame

g :"'l"'|"'|"'|"'|"'|"A1{A's'd'|"'"': o 1_""|""|""|"-- T ]
- 220 ATLAS Preliminary —— ata - B _— ]
% E 2 jets 1b-jet electrons = mmml B AT.LAS Pr?"mlﬂar}f 7]
= 200 4 B WHF jets = - 2 jets 1b-jet combined 4
& 180E Ldi=4661h wlight jets = 0.95— ]
> = [ Z+jets, Diboson = - _
o qgoE Ve=7Tev Mt = B JLdt:tLBB fo? N
2 E aidie,. MC stat. + multijet unc. L |
g 140 E C Vs=7Tev ’
3 120 - 0.9 ~
8 100 ~  « SMprediction (LO) .
— —— Observed ]
0851 I +16 (68% CL) N
B +2g (95% CL) ]
oal AN = 0.03+0.07 (stat. ® -
_‘g; SR T T T L B B T T3 B 7
'g 15 — - —
e IE Ao TR AT 0.75— 7
g O05F = - ]
1] E i | | v by P by I B =
o 1 08 06 -04 -02 0 02 04 06 08 1 B ]
cos HN 0? I TN T T T A T T O T O | TN N N T T I N B
05 -04 -03 -02 -0 0 0.1 0.2 0.3 0.4 0.5

= |imit consistent with SM prediction Imig,)
ATLAS-CONF-2013-032
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= Many beyond SM models predict FCNC *
: Z ]

= Suppressed in SM: Br(t—2q)~10", Br(t—Hc)~3*10" /

. : - q9 t

= Search for t—Zq in trileptonic tt events and q
t—Hc in |+jets and all-hadronic events with H->yy ; 9 b

= t—>Z7q: Require events with 3 leptons w- 3

_ A%
= Kinematically consistent with tt—=WbZq: X* minimization
= t—Hc: Reconstruct yy invariant mass

2 1 T T T 3 - — ATLASPreIiminary_

[ NO EVIdence fOr FCNC fOUnd 2 12;_"-Ldt—211b" ;:::;:bz::smmr: § 14?"adr0"icse'emi°n ;Ei;zslzf;:lrgzgus;fmﬁ.aGeV:angﬂtg

: : g oY i (sM) g 127 —— B 2“"::; nomial

— set upper limits Mo | § b I

°r rﬁm«m; ’ sl ][L die 471527 Tev

Br(t—7q)<0.73% @ 95% CL i E

4 ]

Br(t—Hc)<0.83% @ 95% CL o E
o=t — L — L 25'6"““‘“‘2;2‘ ?o:o' "0 20 730 140150 '=1:fso

JHEP 1209 (2012) 139 mafcev ATLAS-CONF-2013-081 My [GeV]
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= Coupling of top to Z boson: measure ttZ cross section

tt+2

= Events with 3 leptons, where Z—ll
= One candidate event observed

= Expected from SM:

0.85 events +0.28 events from background

= Upper 95% CL limit: o, <0.71pb (0.74p expected)

® ATLAS Preliminary . data
10t Wiz
3 '[ Ldt=47 fo'\s =7 TevEl ZZ+jets
10 W
102 [ WZ +jets
M (tbZ+ibZ)+X
10 ] Other

24.11.2013

eee eep epp Hpp
Channel

ATLAS-CONF-2012-126
____________________________________________________________________________________________________________________________________________________________________________________________________
22

Yvonne Peters

10°E 47145 Prefimi
: reliminary e data

102_ j Ldt=4.7 b Ns =7 TovIll ZZ+ets

50

M iz

Claw ]
I WZ +jets =
Ml ((bZ+1bZ)+X 3
[_1Other i

100 150 200 250 300
E™* [GeV]




B (2 Summary

Many interesting top quark properties measurements performed
at ATLAS

= Precision measurements

= Sensitive searches for new physics
All compatible with SM so far

More info and analyses:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

All presented analyses using 7 TeV data sample from 2011
8 TeV sample currently being analyzed
Stay Tuned!
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i tt Final States

tt W*bW'b : Final states are classified according to W decay

B(t W'b)=100%
pure hadronic:

Top Pair Branching Fractions 26 jets (2 b-jets)
- “alljets™ 46%
dilepton:
2 isolated leptons;
. . . tt+jets 15%
High missing E_
from neutrinos; «//¢ lepton+jets:
. T 0 .
2 b-jets e 2»(1,’ ws15% 1 isolated lepton;
e ‘\ . . -
Ve et 15% __.Missing E_ from neutrino;
"dileptons” "lepton+jets” T

>4 jets (2 b-jets)

24.11.2013 Yvonne Peters 25
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= Many beyond SM models predict FCNC *
. Z _
= Suppressed in SM: Br(t—2qg)~10* "
_ q t
= Search for t—Zq in trileptonic tt events ¥
- g I b
= Require events with 3 leptons 7 t )
-
= Kinematically consistent with tt—WbzZq: !
X% minimization
= No evidence for FCNC found jm i j ]
— set upper limit S 1 Ee T me
L dibosons 5;_ p;g,s::;ﬂm_
Br(t—2q)<0.73% @ 95% CL
140 160 180 2::; [663120 140 160 180 2::; [66\2!;20

JHEP 1209 (2012) 139

24.11.2013 Yvonne Peters 26



Jet Energy Scale

|
'e)

o
=
75
g
®)
=

Time

cH ¥

18[ JejewIONRD

EM

19l eporyaed

19 mojared

27
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