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The Top Quark

e First observed in 1995 by CDF and D@ (Tevatron);
[F Abe et al,PRL,74:2626-2631,1995; S. Abachi et al,PRL,74:2632-2637,1995]

e Completes the 3 family structure of SM;

Fermions - Bosons
ey cff t [ : -
w  chami§ top A pnoton e Electric charge = 2/3|e|, Spin = 1/2;
d S Z

down  strange  bottom 7 pogon e Mass ~ 173.34 + 0.76 GeV [arXiv:1403.4427 [hep-ex]];
Leptons ‘/e Mt “/L_ W
oo | nevtano  novno | | posen e Fastdecay: T ~4x102°s; I =1.42 GeV;
e H T g
electron muon tau gluon

e Dominant decay tot = Wbh:

N Vio| > 0.999 = BR(t — Wb) ~ 1

BR(t = sW ) <0.18%
BR(t = dW ) <0.02%


http://arxiv.org/abs/1403.4427
http://arxiv.org/abs/1403.4427

Why the Top Quark ?

e Heaviest of All Fuhdamental
Particles in the Standard Model:

Largest Mass = Largest Coupling to
SM Higgs

MTop Must be a fundamental
parameter in the SM!

Allows for Self-Consistency Checks
of SM Post Higgs Discovery

Top Quark Mass ~ EW Symmetry
Breaking Scale

Top Quark Events are Significant
Background:

e.g.H — bb; H — WW ;ttH with H — bb

Better understanding of Top = Better
results in these analyses!

Short Lifetime (~10-25s):

I*, q
w 5
t .

b
Allows reconstruction of bare quarks
before hadronization - unique among
the quarks!

Hints of New Physics?
Enhanced coupling to many new particles



Production Mechanisms

M.Cacciari et al., PL. B 710 612(2012);

P.Barnreuther et al., PR.L. 109 132001(2012);

M.Czakon and A.Mitov, J.H.E.P. 1212 054(2012);

M.Czakon and A.Mitov, J.H.E.P. 1301 080(2013);
M.Czakon, P.Fiedler and A.Mitov, PR.L. 110 252004 (2013).

g t q t
o (7TTeV) = 177.3 £9.0155pb
Top Pair 0 (8TeV) = 252.9 + 11.7755pb
Production @ NNLO + NNLL
_ Mitop = 172.5 GeV
I g t q { -
* q q g t q t - 7
Single Top
Production
W t
W @ NLO+NNLL

, t , v  Miop = 172.5 GeV

o(Vs =7 TeV) = 64.57283 pb  owi(Vs =7 TeV) = 1574513 pb  o(Vs =7 TeV) = 4.63%15 pb
o(Vs =8 TeV) = 8776734 pb  owi( Vs =8 TeV) = 223713 pb  o(Vs =8 TeV) = 5.6153; pb

N.Kidonakis, P.R. D 83, 091503(R) (2011);
N.Kidonakis, P.R. D 82, 054018 (2010);
N.Kidonakis ,P.R. D 81, 054028 (2010)



Top Quark Production at the LHC

~2 top pairs/sec
~1 single top/sec

were produced during 2012 data-taking!

e Overall ~ 15M top quarks produced in

2011 & 2012!
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Cross-Section Measurements

e Top quark pair production (¢7) cross-sections: Top Pair Decay Channels
e Dilepton inclusive cross e Single lepton: Differential ¢ 12als
section measurement Cross section measurement _
(New result) : e
‘b = \\\@Q@l tlflucn‘le.'x.s
5 electron+jets

Top Pair Branching Fractions

46%

~ 30%

e Several Top reconstruction methods:
e.g. kinematic likelihood fit

"dileptons”

e Single top quark production cross-sections:
e t-channel at 8 TeV (fiducial and inclusive)
e t-channel at 7 TeV (differential and inclusive) (New result)
¢ \Wt-channel cross section measurement at both 7 and 8 TeV



Cross-Section Measurements
Top Quark Pair Production (¢t )

e Dilepton e/ channel inclusive (7 and 8 TeV Combination) | NEW

arXiv 1406.5375 [hep-ex]
Using L = 20.3 fb~! at \/s=8TeV

o = 242.4 + 1.7(stat.) £+ 5.5(syst.) £ 7.5(lumi) + 4.2(beamen.) pb “ 4.3°/o|
UsingL =4.6 fb'at,s=7TeV
o, = 182.9 4+ 3.1(stat.) £+ 4.2(syst.) + 3.6(lumi) + 3.3(beamen.) pb i 3_9%|

T T I |
ATLAS

¢ Analysis designed to be as least s )
4 : : o - v ee, up, ey, 0.7 fb™ -
sensmv_e as possible to systematic ol A N as .
uncertainties; - @ eublag, 467 -
i B eu b-tag, 20.3 fb° i
e b-tagging ID/reco/tagging derived 200~ ~
from data; : -
150 _
- NNLO+NNLL N
i m, = 172.5 GeV i
L PDF ® og uncertainties following PDFALHC |

100 ! L | L ! ! ! | ! ! ! L | L !

7 7.5 8

\s [TeV]



Cross-Section Measurements

Top Quark Pair Production (¢t )
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Cross-Section Measurements
Top Quark Pair Production (tt )

ATLAS+CMS Preliminary o, summary. \s=7TeV TOPLHCWG July 2014

'''''' NNLO4NNLL ftops+ 2.0), POFSLHC, m_= 1725 GeV

- scale uncerfainty === {ctal uncertainty
c"itsht)i(:y:i) (lurmi)

stat. uncertainty

scale @ PDF @ o uncertainty
ATLAS, l+jets 178+41+9+7pb Le=07 b

ATLAS, dilepton () 17326 ¥ o La=07 b

-+
o~

ATLAS, all jets (*) P
ATLAS combined
CMS, I+jets (%)

167+181 78+ 6pb L=10fb

17743 5+ 7pb L-07-1.0b
164+3+12x 7 pb Le=02-11 b
CMS, dilepton (*) 1704+ 16+ 8pb L=1.11b

CMS, 7, + (*) 149+ 24+ 26+ 9 pb Lo=1.11b

5]

CMS, all jets (*) L + + 138+ 20+ 40+ B pb La=t.11b
CMS combined 166+ 2+ 11+ 8 pb La=08-1.1
LHC combined (Sep 2012) 173+ 2+ 8+ 6pb Lo=07-1.1 b
ATLAS, l+jets, b—Xpv 165+2+ 17+ 3 pb La=47 Ib
ATLAS, dilepton e p, b-tag 1829131142+ 36pb L -anib
ATLAS, dilepton e p, Nlm-E'{""’ 1812428 2/+33pb L -4k
ATLAS, 1,_+l 188+ 13120+ 7 pb La=211b
ATLAS, 1, _stjets aa— 194+ 18+ 46 pb L=t 71b
ATLAS, all jets b — i 168112 5+ 7pb La=47 b
CMS, l+jets = 158+ 2+ 10+ 4 pb L -2223h
CMS, dilepton e 162+2+ 5+ 4pb L=23 b
CMS, 1, + i 143+ 14+ 22+ 3 pb L-22 b

CME, 1, Hels 152+ 121 32+ 3 pb La=33 b

CME, all jets 138+ 10+ 26+ 3 pb Le=35tb

(*) Supersedead by results shown balow the lins Eflect of LHC beam energy uncertainty: 3.3 pb

Illllllllllllll Illllllllllllllllll

50 100 150 200 250 300 350

. [pb]

10.5%
3.2%
5.7%

13.0%

25.5%

35.6%
6.7%
3.8%

18.3%

22.5%

20.1%

ATLAS+CMS Preliminaryoﬁ summary.ys =8 TeV TOPLHCWG July 2014

....... NNLO+NNLL (top++ 2.0), PDF4LHC —
m., = 172.5GaV

| scale uncerainty
scale® PDF @ @, uncerfainty

stat. uncerfainty
= total uncerainty

cdi(staﬂ +(syst) £ (lumi)

13

ATLAS prel., elu+jets
ATLAS-CONF-2012-149, L =5.8 b’

241+ 2+ 31+ 9 pb

ATLAS, dilepton au, b-tag 242.4+1.7+55+7.5pb) 3

arXiv:1408.5375, L =20.3fb"

I +——i
CMS prel., e/u+jets
CMS-PAS TOP-12-006, L_=238 b’

228+9 "2+ 10 pb

-26

13

CMS, dilepton

JHEP 02 (2014) 024, L _=5.3 b

239+ 2+ 11+ 6 pb 5.

CMS prel. e/p+th
CMS-PAS TOP-12-026, L_=19.6 [

Effect of LHC beam energy uncerainty: 4.2 pb
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Cross-Section Measurements
Single Top Quark Production: t-channel

e Cross Section @ 8 TeV (20.3 fb™')
‘ 14.6% Iat = 82.6 + 1.2(stat.) + 11.4(syst.) + 3.1(PDF) + 2.3(lumi.)pb

\\\\\ ‘Irl\ll\lll\Il\llrll‘l\I\l\l\l[llll‘l\lll\ll\_
~ATLAS Preliminary [L df = 20.3 fo''

r \s=8TeV ]
- |th| >0.78 .

o))

e Assuming CKM matrix
obeys |Vu| < 1 a lower i
limit is extracted (95% CL): 3

Measured: |Vi| = 0.977070 |

Probability density
[6)]

ATLAS CONF- 2014 007

L] I n L] I L
ATLAS Preliminary

ATLAS result
stat. ® sys. [ ]stat.

Predicted fiducial cross-section:

det 203 fo- \s= 8 TeV

e Cross Section @ 7 TeV (4.59 tb" )

: .
OO 0.1 0.2 0.30.4050.60.70.80.9 1

v, |2
INEW

o1q = 46 = 1(stat.) = 6(syst.) pb (13.2%)
ofg = 23 £ 1(stat.) £ 3(syst.) pb (21.7%)

N 11.8%| 0(tq+iq) = 68 =8 pb consistent w/ SM expectation

(Mt = 172.5GeV)

e Using o(tq + t q) to its theoretical prediction and
assuming |Vio| > |Vis|: Measured: |Vi| = 1.02 + 0.07

aMC@NLO(2—3)+Herwig
Powheg(2—3)+Pythia6 I—H
Powheg(2—3)+Pythia8 HF’
Powheg(2—2)+Pythia6 —a—H
AcerMC+Pythia6 u=172.5 GeV F——t——m
AcerMC+Pythia6 n=60 GeV : — |
AP PPN EEPEPEEPEPEE SEPEEPEIPIEF S AR A S P
1.5 2 2.5 3 3.5 4
"
o/ [pb]
arXiv 1406.7844 [hep ex]
= ARLELEL AL B L L LR ]
,-‘m | ATLAS det 459107 \5<7 TeV ;
£| o ® Data
= 10 ] -+ stat @ sys unc.
-8 o ! — stat unc. ]
o) [ — NLO (MSTW2008) |
‘—ib 10.3:_ %/, PDF @ scale unc. -
O
1[0 T N B IR B
= 1.5 |
z e
S & S—
© 05 3
(@) . . . . E
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p.(t) [GeV]
11



Cross-Section Measurements
Single Top Quark Production: Wt-channel

Cross Section @ 8 TeV (20.3 fb™') ATLAS-CONF-2013-100

owr = 27.2 + 2.8(stat.) + 5.4(syst.) pbﬁ 22_4%|

|Vi]| measurement assuming:
e The Wtb interaction is left-handed:;
e \Wt-channel production & top quark decay
through |Vis| and |Vid| << |Vio| ;
e The decay to a possible 4th generation
quark is kinematically forbidden;

a lower limit is extracted: |Vi,| > 0.72 @ 95% CL

8 70

s 60
o)

50

40

30

20

I | | I | I |
- ATLAS Preliminary
~ Wt single top summary
12 Sep 2013

~ NLO+NNLL at m, = 172.5 GeV
MSTW2008 NNLO PDF

| stat. uncertainty

1 | total uncertainty

— A Wt 2.05 b pLB 716 (2012) 142

B Wt 20.3 fb™' ATLAS-CONF-2013-100

1 l 1 1 1 l 1 1 1

6 8

Cross Section @ 7 TeV (2.05 fb-1) PLB 716 (2012) 142-159

owe = 16.8 & 2.9(stat.) £ 4.9(syst.)pb N 33_9%|

Assuming |Vis| and |Vid| are negligible:

10 12

14

\'s [TeV]

Measured: |Vip| = 1.037015  (using ol = 15.7(£1.1) x |Vip|? pb )

12



single top-quark cross-section ¢ [pb]

102

10

—

measurements for 7 TeV and 8 TeV

Cross-Section Measurements
Single Top Quark Production: Summary

t I | I | I | I | I I I I
- ATLAS Preliminary
_single top-quark production

I I | [
July 2014

t-channel

IIII]II

I\FKI

NLO+NNLL at m = 172.5 GeV

~ MSTW2008 NNLO PDF
T stat. uncertainty

s-channel

$t-channel 4.59 fb™ arxiv:1406.7844
3t-channel 20.3 fb™' ATLAS-CONF-2014-007

FWt2.05 b pLe 716 (2012) 142

t-channel and Wt: cross-section

s-channel: upper limit shown

E_ Wit 20.3 fb™' ATLAS-CONF-2013-100 _§

I: v Sl-chanrllel QSO/T C.L. Iilmit O.7Ifb'1 ATLIAS-CONF—12011-1181 .

5 6 7 8 9 10 11 12 13 14
\s [TeV]

ATLAS+CMS Preliminary TOPLHCWG
Data 2012, \s =8 TeV

------ NLO (MCFM), m = 1725 GeV,
PDF4LHC (MSTW2008, CT10, NNPDF2.3)

scale uncertainty

scale ® PDF ® o uncertainty

ATLAS, L =5.0fb"
ATLAS-CONF-2012-132

CMS, L_=5.8fb"
CMS-PAS-TOP-12-011

LHC combined (Sep 2013)

July 2014

- stat. uncertainty
- total uncertainty
O channel £(Stat) (syst) *(lumi)

95.1+24+17.6 £3.6 pb

80.1+£57+11.0+4.0pb |16.3%

:

14.2%

9.3%

85+ 4+11+3pb

ATLAS-CONF-2013-098,
CMS-PAS-TOP-12-002
ATLAS,L -203fb’ .

’ Tint + + n
ATLAS-CONF-14-007 i | 826+1.2+11.8+23 pb‘ﬁ 4.6 A)I
CMS,L =19.7 fb" :

. : + +71+
JHEP06(2014)090 = 83.6+23+7.1+£2.2pb
é Effect of beam energy uncertainty: 1.2 pb
20 40 60 80 100 120 140 160

ct-channel [pb]

13



Top Quark Mass

e Pole Mass determined from: e World combination of Top quark Mass :

.
I
3
“3z.
-
s
z

3350"‘=L,“""'|"'|"'"""1"'|"‘|"'_
o 2 S x'"’m, ATLAS —— MSTW 2008 NNLO .
IS 5 ool —cromeo o Myiop = 173.34 £ 0.27(stat.) & 0.71(syst.) GeV | 0.4%
O B i Mg O \s=7TeV, 461" :
< $ - 8Tev '~::;::::.. . ® \s=8TeV, 2031 i
S 8 o250k 4 L [ —
= o | ]
= :
E —
©

200 — : Tevatron+LHC m,, combination - March 2014, L _ =3.5 fo'-8.7 fo
= Ao
-7 S o ATLAS + CDF + CMS + DO Preliminary
150f CDF Runll, l+jets ———t = 172.85+ 1.12 (0.52+ 0.49 + 0.86)
- ©DF Runll, drlepton : o . ' 170.28 +3.69 (1.5  +3.13)
100:I Lvv v b v v v v b v by b v by Ly 1: oo R%;”]H.HHJOTS b p—— ] 17247 i 201 (1.43+£0.95+1.04)
164 166 168 170 172 174 176 178 180 182 COF Runll, 5 4jets P ———t 173.93 + 1.85(1.26 + 1.05 + 0.86)
pole = 571 _ ' o
f 4 m, [GeV] Do R*”?”' Hjets ittt 174.94 + 1.50 (0.83+0.47 + 1.16)
re ‘
th re re my 2 DO Runll, di-lepton — o + 236 + 0.55 + 1 38
ol eo(mt f) — O-(mt f) Solc (]_ + a1z + asx ) ATLA(\H,,,\ - L 174.00 £ 2.79 (2.36 + 0.55 + 1.38)
t 'S 2011, Hjets —_— e —— 17231+ 1.55023+072+135 [0.9%
L B e AILA,”‘QDW‘ diEiepton B ] 173.09 + 1.63 (0.64 +1.50) 0 90/0
ATLAS Top quark pole mass from cross-section CrwlS‘“fm I+jets =
oo CMS 2011, di-lepton e — 172.50 + 1.52 (0.43 £ 1.46)
DO approx NNLO: MSTWO08, 1.96 TeV 2009 169.1_5'1 CMS 2011. all iets
152 AS P11 alljets _—  — 173.49 + 1.41(0.69 1.23)
DO approx NNLO: MSTWO08, 1.96 TeV 2011 1675
- ¢ / ndf =4.3/10
CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 ¥ 176.7?'2:2 B \_N_O_'Ifj Comb ?91_4_;_ pobeod% "'."_' ___________ 17334i 076 (_0_-2_7_% 9;2_4_% 067) ‘
ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 = 26 2 £ Tevatron March 2013 (Run I+I) oA 173.20 £ 0.87 (0.51+ 0.36 + 0.61)
25
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 1741 = 26 © © LHC September 2013 —_— — 173.29 + 0.95 (0.23 + 0.26 + 0.88)
1 50 y +25 - total (stat. syst.)
o+ /0 ATLAS NNLO+NNLL: PDFALHC, 7-8 TeV 2014 17297 ] I ] |
Direct reconstruction LHC+Tevatron 2014 173.3 + 0.8 1 65 1 70 1 75 1 80 1 85
1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 I 1 1 1 1 rntop [Gev]
140 150 160 170 180 190

m™ [GeV] arXiv:1403.4427 [hep-ex]
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Polarization and Spin Correlations

tt pairs almost unpolarized in SM,
but { and ¢ spins are correlated;

BSM models can affect these properties
through either top production or decay;

Study the angles of the top decay products;

1 do 1 _
> Jcosthidcosd; — a (1 + a1 Py cosby + azPscosbly — C cos by cos 65)

— 6 is the polar angle of the decay particles
— « is the spin analyzing power (~ 1 for charged leptons)

— C is the tt spin correlation: C = —Aca_,
with A = NOD+NUL)—N(L)—N{T)
— N(T)HNUL)+HNTL)+HNAT)
— P; (P») is the degree polarization of t(t)

P — Ap __ 1 N(cos8;>0)—N(cos 6,<0)
2 2 N(cos 8,>0)+N(cos 6,<0)

15



Polarization and Spin Correlations
Polarization of the Top Quark

10.1103/PhysRevLett.111.232002

e |+jets & dileptonic channels (4.6 fb~1 of 7 TeV): CP Conservingl

extract a P from cosb fit on data distribution

| s R
. smgclcpm — 1t | = +VU, 4
templates for two scenarios: e T AL g api oo |
— CP conserving: same oP for t and ¢t 2™ et
1 1000F : 1
aPopc = —0.035 £ 0.014(813&13.) + 0.037(Syst.)sou
//
_ 02 1 1-08-06-04-02 0 0_.2 04 06 0.8%1
— CP violating: opposite &P for ¢ and ¢ c0s6(”") cosel)
013 iolati
Pepy = 0.020 £ 0.016(stat.) 79013 (syst.) CP Violating
2500'-?:5;’;:!:)ton f."/dl= a7 fb_|-: F :Ei?ta -iZI,::?»O 3 7
* No deviation from the SM prediction of ok Vs=7TeV Il PBigd.  aP--03 |
negligible polarization is observed for 31500:_;-* it
either the CP conserving or maximally CP &

1000 p

violating scenario!

500

/////////////////// :

-1 08060402 0 02040608 11 08-06-04-02 0 02 04 06 08 1
cos 8(¢") cos8(s")

16



Polarization and Spin Correlations
Spin Correlations iNEW|

e |+jets & dileptonic channels (4.6 fb~! of 7 TeV):
In the SM, the polarization of the pair-produced top quarks in pp collisions is

arXiv:1407.4314 [hep-ex]

negligible: 1 do B
o dcos(f, )dcos(f_) 4
e Analysis performed with 4 observables:

— A between the 2lep. (dilep.)
or lep.—jet (W in I+jets)
— The “S-ratio” of matrix elements from the fusion

! (1+ Aoy a_cos(f1)cos(6_))

ATLAS tt spin correlation measurements

I Ldt=4.6fb", \s=7TeV f

of helicity-like gluons apleets) e I2E0T X022
o _ _(Mlgg + ML) cor | Satio e 0E7EOITEON
(IMI&gr + IMIEL)uncorr o ft(j*g;is(e') o 0.75 +0.19 +0.23
_mi{(-€0)(E-£) + (- L7)(E- ) —mET L)} Teesieyeesie) T R D
(t . £+)(t . g—)(t . .E) maX|rT1aI basis | ; | |
0 0.5 1 1.5 2
Requires the full reconstruction of the system. Standard model fraction
_ Na=sm
Basis A¢ § -ratio COS(9+) COS(G— )hclicily cos(6,) COS(O—)maximal Jon = Na—sm + Na—o
et 1037003005 0.27+0.03+0.04 0.23+0.06 % 0.10 — » N
measured | (052 1+ 0,04 +£0.07 0.38 +0.05 + 0.06 — 0.36 + 0.06 + 0.09 Apais = fom Apggis
maximal
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W Polarization in t—=blV/ decays

- e A A + A2 "
e Testing a Standard Model prediction: — ( lw IW
[Phys. Rev. D 45 (1992) 124] (Fo+ Fp + F = 1) Jzt .Tb ttTTb Jzto s
[PRD81 (2010) 111503] Y112 %1/2 Y 1
longitudinal W left-handed W  right-handed W
SM (NNLO): F,=0.687 F=0.311 F=0.0017

e How to measure the W helicity states?

1 dN 3 sin 0% \ 2 1 — cos 0%\ 2 1 4+ cos 0%\ 2
Ndcoso*zéll:o(\/_e) +FL( 2 é) +FR( 2 9)]
¢ Full event reconstruction £ 2

required (I+jets & 6, — the angle between the £ (in W rest frame) and the W (in t rest frame)
dilepton); .
N 07F  V,=1and g=g, =V =0 SM
e . / Fo=lTo
e Fit the cosf™with | - Asymmetries (@ NNLO):
templates and evaluate Ve, (rescaled) ] A, — N(cos 67 >1)—N(cos 67 <1)
angular asymmetries; 0 AN i \ £ N(cos 65 >1)+N(cos 6; <)
, £b Food

Arg=-0.23240.004
Ay =0.537+0.004
A_ =-0.84110.006

t ————»= W —— )

¢ These observables allow
to probe the Wtb vertex 0y =m—0p
and look for new
physics;
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W Polarization in t—=bl/ decays

e W heI|C|ty states (I+jets & dllepton @ 1 04 fb-‘) [JHEP 1206 (2012) 088]
C T T | T T T T | T T T T T T T | T T T T |
“2000: ATLAS smgle Iepton channels o B AT[_AS single Iepton channels_] P
21800- ) o Data 4 8050 ] ATLAS f L dt = 1.04 fb e F. Fy
- det'1'°4fb — Best fit 1 8 det—1O4fb'1 ® Unfolded data 1
- 135 - =1. , E
1600; lllllll g’l'(’; e:g;t it g é o4k + %/ SM expectation - B NNLO QCD
1400f 4% AUne.bestfit 4 5 L i Combination
1200, T 03] | o . =+ Data (F_/F /F)
10001 re~ * ] Template (single leptons) e -
800 0.2} f Template (dileptons) H-O| ke
600; i B ] Asymmetries (single leptons) H- i
4001 g 0.1+ '7 Asymmetries (dileptons) s - -
200 s e - i Overall combination T- o
Oi\ | | | ‘ | | | | ‘ | | | | ‘ | | | | : 07 | | | | ‘ | | | | ‘ | | | | ‘ | | | | 1 | | 1 1 1 1 | ! ! L L L L . . | . . . I |
-1 -0.5 0 0.5 1 -1 -0.5 : 0 0.5 1

cos 6 W boson helicity fractions

Fy = 0.67 £0.03(stat.) &= 0.06(syst.)| 1

Fr, =0.32 £ 0.02(stat.) £ 0.03(syst.) & T

Fgr = 0.01 + 0.01(stat.) 4 0.04(syst.) F oaf ~—
0.6 LHC combination preliminary ~ V =1, V_=0
0.43— \s=7 TeV, L _=35pb™-2.2fb" .68% oL
0.2[- | Jo5% cL

e General Wtb vertex: Eur.Phys.J. C50 (2007) 519-533 05_ * SM

c=-9 b'y“ (VLPL+ VRPR)t W, : A
— gt_)la q”(gLPL—l—gHPn)tW ST T T

<)

0%2 03 02 01 0 01 02 03

\/é My .- F!e(ssji))'4
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Electric Charge & Charge Asymmetry

e Electric Charge Measured @ 7TeV: JHEP11 (2013) 031

@ = 0.64 £ 0.02(stat.) + 0.08(syst.)e [12.9%

e Charge Asymmetry Measured I-jets @ 7TeV: Ag —

- Small charge asymmetry in SM for

-  BSM enhancement possible

4

() = ——e excluded at 80

3

N(Aly|>0)—N(Aly|<0)

P AZM = 0.0123 4 0.0005

- Anomalous Ars measurements at the Tevatron

é) 0.25 _I L I LI I | I IIIIIIII I L I LI I | I IIIIIIIIIIII _
0.2 :_ + Data ATLAS =
. SM \s=7 TeV 1

0.15 ) J.Ldt=4.7 fb ]
- Axigluon m=300 GeV .
0_1f_ Axigluon m=7000 GeV _f
0.05 | ——_ | 4
of— T =
-0.05— —

_0.10_ ||||||||||||||||||||||||||||||||||||

A

" JHEPO2 (2014) 107

N(Aly[>0)+N(A|y|<O0)

Theory (NLO+EW)
[JHEP 1201 (2012) 063]

Al

~— TOPLHCWG

<

<

+~—

O | cms

C\IJ [PLB 717 (2012) 129]

LL

= | ATLAS

O [JHEP 1402 (2014) 107]
1 ATLAS+CMS

100 200 300 400 500 600 700 800 900 |

m, [GeV]

% = 0.006 + 0.010(stat.) 4 0.005(syst.)

ATLAS+CMS Preliminary \s =7 TeV

March 2014

(stat) (syst)

——e—r 0.004 £0.010+ 0.011
—e—1—H 0.006 £ 0.010 = 0.005
H——H 0.005 £ 0.007 £+ 0.006

0.0115+ 0.0006

| I

-0.05

A

0 0.05

— AC
% = 0.005 £ 0.007(stat.) = 0.006(syst.)
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Vi Measurements

Vio

e Single top quark cross section is powerful to probe Vi,
e Allows to test BSM ( FCNC in t-channel; W’ in s-channel )

e |Vw|? is extracted from the observed single top-quark cross section

Ot. obs.
2 = 20 X |Viv. sar)?

‘V;Sb, obs
Ot, SM

Vio| >> |Vis|, |Via| single top production through |Vis |,|Vid | is small;

Single-Top Channel Measurement
t-channel @ 7TeV (4.59 fb™ — 0
arXiv 1406.7844 [he(p-ex] ) [Vip| = 1.02 £ 0.07 @

t-channel @ 8TeV (20.3 fb")

Vip| = 0.9770:99 N 9.8% |
ATLAS-CONF-2014-007 '

_ -1
Wt-channel @ 7TeV (2.05 fb™') Vip| = 1.0370:16 i 17% |

PLB 716 (2012) 142-159

Wt-channel @ 8TeV (20.3 fb) Vip| > 0.72 @95% CL

ATLAS-CONF-2013-100

W+
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Top Couplings to Bosons 1tV (V = v, Z, W, H)
Lty
tty @ 7 TeV:

|
oye® =2.1+0.4pb [ ,
( pr, > 8 GeV @ generator ) gy@ \§ o

Top quark EW couplings to y « Qi

Event Selection = Lepton+jets channel @ y with pr > 15 GeV
Y isolation used to discriminate prompt from fake y = Template Fit to pry

ATLAS-CONF-2011-153

6 1 ||||||||||||||||||||||||||||||||||||||| -E _l T T I T T T | T T T I T T T I T T T T T T I T T T I T T T I T T T I T T |_
3 :_ J : i o - J 3 e+jets ]
g 0.8/~ ATLAS Preliminary — hadron fake #* : ATLAS Preliminary ity ]
S - 40 non-tf bkg —
S oeb N - B bkg tty ]
~ or ] - [ electron fakes ]
@ 30 @ hadron fakes —
S 04 N - .
c B 20 —]
S - ’
= 0.2 — - ]
* o e | 10— =

0 _l R I | . e o o S Y S Y S A . -

0 2 4 6 8 10 12 14 16 18 2 0

0 2 4 6 8 10 12 14 16 18 20
pi:roneZO [GeV]

Measured: 0y = 2.0L 0.5(stat.) + 0.7(syst.) £ 0.08(lumi.) pb N 43_2°A,|



Top Couplings to Bosons ttV(V =~,Z, W, H)
V., V=W

ATLAS-CONF-2014-038

e itV @ 8 TeV (20.3 fb1):
» Dilepton SS and OS & Trilepton Combined:

Summary of combined simultaneous fit results

Process Measured cross-sections Observed o | Expected o

| 18.7% | iz | 150+ 38(total) = 15033 (stat.) + 21(syst.) fb 3.1 3.7
ﬁ 83.3% Itt_W 300+“0(tota1)—300+120(stat ) io(syst.) fb 3.1 2.3

> — LA L B B B L L _I —] ﬁ LT T I T T T T l T T T T I T T T T I T T T
8 - ATLAS Preliminary ' SRzb 1mc/4 oData Wiz - e - A TLAS ' Pre % ATLAS Best Fit 7
14 1 Witw Bzz = \§ est Fi _
B C | L=203f0" \s=8TeV - Other 1 s 21— —— ATLAS 68% CL —
=~ 1of e Z L dt =20.3 b
o 12 ttH z o NN PP ATLAS 95% CL ]
c C [ MisID lepton ] ~ :
:>_,) 10 ] - o : \s =8 TeV & , * ::ZLO calculation* .
B Trllepton . 15— tQ\ N 777 WiZ Theory uncertainty ]|
8 - L NN .. NN\ W Theory uncertainty _
sE- 4 jets + 1 btag - ) e -
» . 7000050000000 RS LS
- . 000000 3 W A
41— — 1gg 08700 RS A ////75(,/,/7/// A II >
- . 77 AR '/ IS S
L - Lo s RS ¢ % /// S ORES ST S S S A
— VS S SN S S S S A A ’///////////////// S S S S S S S S A S S S S S
2 /iiiiiii (K S S S A S S S A S RRKKKIKIKKK S S S S S S S S IX Sy, AL A
- o : . = 05— . o ]
9 E E — ‘~‘ —
o [ S SIS NNNNNNN NN RGN NN H——— - = | NN e |
3 2% /,/ 7 B BN \\ """""" _
— AV A S S S S Sl S A s N e -
a % E - A i
O e . ) i = 0 [ 3§ * Campbell(2012),Kardos(2011),Garzelli(2011,2012) |
E L L L L L L = 1 | 1 1 1 1 | -} \f\ | | I 1 | 1 1 | 1 1 | | I 1 1 1 1 I | 1 1
50 100 150 200 250 300 350 400

O b—

05 1 1.5 2 25 3
Minimal M’ [GeV] )
6/ ogy (1tW)



Top Coupllngs to Bosons ttV(V = % Z, W, H)

ttH

| R &

o ttH, H— bb @ 8 TeV (20.3 fb™1): ATLAS-CONF-2014-011
e {tH, H — vy Combination of 7 (4.5 fb-') and 8 TeV (20.3 fb-1): ATLAS-CONF-2014-043

e Combined Result ttH , H — v, bb :

ttH—>yy (7+8 TeV)

ttH—bb (8 TeV)

ttH combined

L L L L
ATLAS Preliminary 1s=7 TeV, [L dt=4.5 fb”

2011-2012 1s=8 TeV, [L dt=20.3 fb”

S Expected (611M=0) £ 16 —
"""" Expected (6!'"=0) + 26
— Observed

....... SM signal injected
| | ] 1 | 1 | - l

2 4 6 8 10 12
95% CL limit on ¢™/c™ at m, = 125.4 GeV

ttH—yy (7+8 TeV)

ttH—bb (8 TeV)

ttH combined

ATLAS Prellmlnary \s=7 TeV, jL di=4.5 b
— 2011-2012 1s=8 TeV, [L dt=20.3 o™ 7]
— tot. (tot) (stat)
- stat 126 425
— 1 ° i ”mf 1.2 77 437
15 407
— = He = 1.8 54 o7
- —_  — 13 406
M= 16 57 o6
lllll llllllll IlllllllllllllllIllllllllllllllllll

-

o 1 2 3 4 5 6 7 8 9
ity —otH/ ot
best fit p_ = /ogy, for m =125.4 GeV
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Conclusions

Top quark studies with the ATLAS detector well under way
= now addressing Precision Top Quark Measurements!

Although no new physics seen in top quark physics, it is amazing how well things
are going:
e High Precision levels = Data used to constrain tt modelling (including PDFs)

¢ Many measurements are already dominated by systematic errors;

¢ Differential measurements will push the boundary that we can reach with
statistics;

Still a long way to go:
e stay tuned for the final set of Run 1 top analyses!

There is a rich phenomenology in top quark physics which needs high
precision tests @ATLAS and in the future ahead!

00 D L] Qf -~ |88 FCT Fundagio para a Ciéncia e a Tecnologia

vISTH
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BACKUP SLIDES



The ATLAS Detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet

SCT Tracker

Pixel Detector TRT Tracker
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Why the Top Quark ?

e Heaviest of All Fundamental Particles in the Standard Model.:
e |argest Mass = Largest Coupling to SM Higgs
® Mmiop Must be a fundamental parameter in the SM!

; 80-55 | I I 1 1 1 1 I 1 1 1 1 I l 1 1 ] 1 ] ] 1 | ] _

N - . | 1o band for m, A WA q

© sos5F -

2 - 68%, 95%, 99% CL fit contours =

s - excl. M, m, incl. Higgs searches |

80.45 3 band for M, WA H —

[ L+ m

80.4 e R gt -~ gg= B0 s .-:
80.35 [ 68%, 95%, 99% CL _

"% [ contours excl. -

80.3 Tl = =

8025 o =

- ;\\59?":‘:'-"‘:; o 4 ]

80.2 FE et ool ol ]

80 15 "'I 1 L-"I’ | [ I T R | | 4" 1 l 51 L1 l 11 1 | 11 1 -

140 150 160 170 180 190 200
m, [GeV]

e Allows for Self-Consistency Checks of SM Post Higgs Discovery
e Top Quark Mass ~ EW Symmetry Breaking Scale



MC
Data

Cross-Section Measurements
Top Quark Pair Production (¢t )

* l+jets @8 TeV (5.8 fb!) 0w = 241 & 2(stat.) + 31(syst.) £ 9(lumi) pb  |13.4%
ATLAS-CONF-2012-149

e Differential O+t l+jets @ 7 TeV
arXiv 1407.0371 [hep-ex]

=AALL IL A B  BLLNLL BNLLL BNLNLILL BLLLI BLLLNE

SR 3 — B | T T T S IR = L B I I DL B I R
I:“ as Data ] % B “. Data | % 10 2 EE Data =
_— ® ALPGEN+HERWIG 1 9 . - ® ALPGEN+HERWIG QS E ® ALPGEN+HERWIG =
B - = — — = B 7
- B MC@NLO+HERWIG 8le 10 § ®  MC@NLO+HERWIG -8| g [ remev¥ B MC@NLO+HERWIG |
10° = ¢ POWHEGHHERWIG — —  —o C ® POWHEG:HERWIG ] ~© 1% ® POWHEG+HERWIG  _|
E V  POWHEG+PYTHIA E : PN VY POWHEG+PYTHIA h ; V  POWHEG+PYTHIA é
...v - ]
I - 10° - omet :
= = 4l _
104 ATLAS —= - ATLAS ] 10°E" arLas E
= -1 - - . C .
- JLdt=4.6fb . i I Ldt=46fb" i - J-Ldt=4.6fb'1 n
[ \s=7TeV ° - o v 105 \s=7TeV . . . v - 105 \s=7TeV . o A
= - = ] =
e A T T T R T T P P S [P P B I
'15E | | v..]v | Py |. I. lv E m1.2:_[]’|{lll;illll{l.lllilllvlil—: m1'5:_IIII{II"{IIVI{vII"{l".I}lllllllll[l.‘lll"ll]'ll’_:

7 e __ " _ & ] @© L ® = o _o
1 ey N S I —3 2R dremex 2t . —
PG TOS 0 T H00 408 B0 600 00 B0 gt e OB

U IGeV 0 500 1000 1500 2000 2500 0 100 200 300 400 500 600 700 800 900 1000

p; [GeV] m, [GeV] pl [GeV]
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Cross-Section Measurements
Top Quark Pair Production (tt )

W
-
o

Ll 1 I 1 1 1 1 l 1 1 1 1
"ATLAS Preliminary
W ttdileptonL=4.61b"
_ Wt lepton+jets* L=0.7 fb”
250|—@ ttdilepton L =20.3fb"
_ @ {f lepton+jets* L =5.8 fb"

* Preliminary

Inclusive tt cross section [pb]

200

—
-
—
-
—
—
—

150
- NNLO+NNLL (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

Mgy = 172.5 GeV, PDF® a4 uncertainties according to

S T | |
100 7 7.5 8

Illllllllllllll

L

PDF4LHC

\'s [TeV]
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Cross-Section Measurements
Single Top Quark Production: t-channel

e Differential Cross Section:
Normalized differential cross sections measured as a
function of transverse momentum and absolute rapidity

’_>' LI LI L) ' L] LI l L Ll I LI
2|y qLATLAS [Ldt=459 " Vs=7 TeV -
0] -
L ) ® Data ]
S -} stat & sys unc.
3 Q -+ stat unc.
- 107 — NLO (MSTW2008)
7 PDF @ scale unc. ]
102
s
5 o f
o 0.5 E
(] A . . " :
0 100 200 300 400 500

p_(t) [GeV]

arXiv 1406.7844 [hep-ex]

L L LR LR T T
ATLAS [Ldt=4591" 1s=7 TeV
NEW Measurement result ’ —— i
[Jstat. ® sys. [ ]stat. :
ABM11 (5 flav.) —ei—i
CT10 D :
CT10 (+ DO W asym.) ——i
GJRO8 (VF) ———i
HERAPDF 1.5 —_——
MSTW2008 (68% CL) ——
NNPDF 2.3 —
PR NS T NN U U TR WY T S T T ' | T
45 50 55 60 65 70 75
3 L) L] L] L] l L] L] L] L] ' L] L] L] L) p G(tq + tq) [pb]
= ATLAS [Ldt=459f" V=7 TeV ]
§ ® Data 1
-8 > -} stat @ sys unc. ]
- 30 - stat unc. B
— NLO (MSTW2008) |
Y/ PDF & scale unc. -
<+ 4
|
3 |
Z . 3
~ -........-------..-......-:
3 :
1Y) F
() . 3
2 3
(£l
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Top Couplings to Bosons ttV(V =~,Z, W, H)
V., V=W

) ATLAS-CONF-2012-126
o (tZ @7 TeV (4.7 fb):

» Trilepton Analysis: tt Lepton+jets topology @ Z—I*I" ( =1 b-jet)

» >1 I*I- (OSSF) pair with

DLA5 I I I
§104% ATLAS Preliminary . data
Ww10"g B ttz
O-t-EZ < 0.7]. pb @95% CL 35 J‘Ldt=47 fb-1,\S= 7TeV-ZZ+JetS
107 Cttw
102;_ [ WZ+jets
Bl (1bZ+10Z)+X 3
10E [_]Other <
NLO,SM o : ;
Oz (7TeV) = 0.14pb I

eee eep et T

Channel



Top Coupllngs to Bosons ttV(V v, Z, W, H)

ttH -’

o — >— — —H

W b

e itH, H— bb @ 8 TeV (20.3 fb™):

q q
-~ H
o
9 t
b

ATLAS-CONF-2014-011

95% CL upper limiton o/osy | observed | 20 -l median +l1o +20 | median(u = 1)
Single Lepton 4.2 1.7 2.2 3.1 4.4 6.0 39
Dilepton 7.0 23 3.1 4.3 6.1 8.4 5.1
Combination 4.1 1.4 1.9 2.6 3.6 5.0 34
- -1
ATLAS _ Preliminary \s=8 TeVl, J . ,dt:z?'?’ o ATLAS Preliminary {s=8 TeV, IL dt=20.3 b’
LN B B B L L A
Dilepton — - tot. ]
T stat (tot) (stat)
Dilepton (— 29 +23 (1.4) _|
Lepton+jets —
[S5558 Expected+ 1o
...... Expectedi 20 Lept°n+jets - 4 13 + 16 ( 0.8 ) 7
Combination — Observed —
. Elxplecltecj (L]L=1.) N Combination — —_——a—— 17 +1.4 (0.7)
& 10 12 oz 4 s s 1o

95% CL limit on o/cg,, at m =125 GeV

best fit u=c/c_ for m =125 GeV
SM
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Top Couplin

ttH

b

Y

L - >~ —_H

W b

e ttH, H— ~y Combination of 7 (4.5 fb-1) and 8 TeV (20.3 fb-):

Leptonic and hadronic Top quark decays;

Observed limit | Expected limit | +20 | +10 | -lo0 | 20
Combined (with systematics) 6.5 4.9 11.8 | 7.5 | 35 | 2.6
Combined (statistics only) 6.2 4.7 105 | 7.0 | 34 | 25
Leptonic (with systematics) 10.4 6.6 16.5 | 102 | 4.8 | 3.5
Leptonic (statistics only) 10.0 6.4 151 | 9.7 | 46 | 3.4
Hadronic (with systematics) 8.8 9.9 248 | 153 | 72 | 5.3
Hadronic (statistics only) 8.3 9.3 21.0 | 139 | 6.7 | 5.0
B ATLIAS Prelliminary [\s=7 Te\]/, JL dt=415 o' |
2011-2012 15=8 TeV, [L dt=20.3 fb”

e Combined Result

ttH , H — ~~, bb

ttH—yy (7+8 TeV) —

ttH—sbb (8 TeV)

ttH combined

- Expected (6!"=0) + 16 —|

Expected (6!'"=0) + 26

— Observed

SM signal injected
1 | 1 1 1 I 1

2 4

5 8

10

95% CL limit on 6™/l at m,, = 125.4 GeV

2

Hadronic

Leptonic

Combined

gs to Bosons ttV(V =~,Z, W, H)

ATLAS-CONF-2014-043

I

ATLAS Preliminary\s=7 TeV, IL dt=4.5 fo’! |
2011-2012 1s=8 TeV, [L dt=20.3 b

BEE Expected (617M=0) + 16 —
Expected (6'77=0) + 26

—— Observed

~ 2011-2012 1s=8 TeV, [L dt=20.3 fb"' |
— tot. (tot) (stat)
- stat. 126 425
ttH—yy (7+8 TeV) — | ® K fiH 12 57 a7 4

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

ttH—sbb (8 TeV) [—

ttH combined —

+1.5 +0.7 _
=18 1}

+1.3
-1.1

+0.6 —
-0.6

best fit p_ =0™/cgy, for m =125.4 GeV
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