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> As the time available is limited ...

» The focus of this talk is on measurements of top quark properties

» | will not talk about BSM-specific results, although some are
included at the end of the talk

» The talk is also biased towards CMS and ATLAS, although Tevatron
results are included where possible
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The Top Quark UBN'.'\%Rﬁl
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» Top is the Q = +%e, T, = +)5 weak isospin partner

> QUARK MASSES
of the b-quark in the third generation S,
200
» Top mass: m =173.07 £0.52 £ 0.72 GeV 150
(PDG value based on Tevatron measurements) 100
» Mass comparable to Rhenium atom (Z =75) 50
S5 5Ef s
> Top decays to Wb ~100% of the time S £ 5%
» Implies |V, | close to unity
W
> Lifetime ~ 0.5 x 10%4s t

» Top decays before it can hadronize
» We can study the properties of the bare quark
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Why is the top quark important? UBNW\%!{!ﬁ!
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» Top quark plays an important role in EW symmetry breaking
» Large mass = Large Yukawa coupling

Yo ~ (10~°,0.0005, 0.026)

Andreas Weiler — TOP2013

10~° —0.002 0.007 + 0.0047
10— 0.007
1078 +10~77 0.0003

Yu

22

» Plays an important role in many BSM scenarios:
» Resonant tt production

» Extra decay modes, eg. t > H*b, FCNC t = qgZ, light Stop decays
» Same sign top quark pairs
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Production of Top Quark Pairs




Production Mechanisms UBN'.'\%Rﬁl
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» Dominant production mechanism via pQCD:

LHC ~80%
TEVATRON ~15% _
LHC ~20% t
» Driven by gluon PDF at LHC /

X

_2M 005 at /5 = TTeV N\,

\/; TEVATRON ~85% f
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Top quark pair decays UBN':\%Q,?!
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Classify decays according to how
the W bosons decay:

Top Pair Branching Fractions

"alljets” 46%

Ttjets 15%

utjets 15%

e+jets 15% _
"dileptons™ "lepton+jets™
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Backgrounds &f&%ﬁ!
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QCD background Z+ jets W + jets

Particular problem for  Particular problem for Particular problem for

all-jets decay: Model  di-lepton decay: Model |+ jets decay: Handled

using event mixing using Z- peak data using template fit

sy 2 10° 7 . edma S F o

and fitting Bopaermn B 1 e AT s
_ CMS, 354" at 1s=7TeV 10° Bov—ie G1e000- — Wedets [l Mulie
"§350‘_ CMS data: 3136 events 10° E::z'ti';f' 14000 [ Z+Jets [l Single Top Dibosons
S s — —- tt component 104 12000:
8300:_ b e multijet background 10° 100005
%250; — fit to tt and multijet 102 80005
@ F f o= 0.351%0.025 10 C

2001~ 6000}

1503— 1 40003

- 107 r

100;— o 2¢ 2000:

50:_ § 1.5 i ‘30 P 7 c 0

950 150 200" 250 300 35 750 500 550 §0-5§ ] P

m, (GeV/c?) % 50 100 150 200 -
M,(GeV/c?) § 0l

Others: Single top, WW, ZZ ... Estimated using simulation ¢ 6162065040506 070509 1

Likelihood
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Production cross section: Top pairs UBNW\%I,;?!
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31 0° =
o [ e CMS prelim. combined 8 TeV (2.8 o)
— | # LHC prelim. combined 7 TeV (0.7-1.1 &)
% | e CMSdilepton 7 TeV (2.3 fb)
¢ Tevatron prelim. combined (up to 8.8 i)
| o CDF prelim. combined (up to 8.8 fb'™) =
. -1 g
102 DO combined (5.4 fo) Corresponds to 4,358,000

events per experiment in
2012 alone

Approx. NNLO QCD (pp)
Correspondg.to about 70 Scale uncertainty
events per experimen Scale ® PDF uncertainty

10— < v - Approx. NNLO QCD (pp)
Scale uncertainty
B Scale ® PDF uncertainty

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF, 90% C.L. uncertainty

lllllllllIllllllllllllllllllllllll

1 2 3 4 5 6 7 8 9
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Production cross section: Top pairs UBNW\%Rﬁl
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=10°F
8 [ e CM
H:\ — ’ LH‘
¥ [ oo s
O Te\ '
[ o CD s L ﬂ
o DO ,.---’ \ )
102 = \ sponds to 4,358,000
- | 3 S per experiment in
B l . . . E }1 - ",’| alzne P
- ; “ |
n I . . . P
(PP)
Correspondd to abou . Puc . t FACTORY |
events per experime inty
Ha B TTT B
B inty
-/ D80 (2009) 054009
| Y / incertainty
I’I" 1 1 L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1

1 2 3 4 5 6 7 8 9
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Top Pair Cross Section @ Vs =7 TeV UBN'I.\HEpsﬁl
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Preliminary LHC o; combination, \'s = 7 TeV - September 2012
L, =0.7f"-1.1fb"
ATLAS, di-lepton (ee, e, uu) HATHOR theory prediction + 16

e |—?-.-|—| 173+ 6 13
ATLAS, l+jets !

L, =07 fb"+J .'_‘_I 1 79 i_ 4 i 1 1
ATLAS, all jets . . . | .

toh - ——s . 167+ 18+ 78
ATLAS combined —@— 177+ 3 ° 18
CMS, di-lepton (ee, eu, uu) \

L =111 —i— 170+ 4+ 18
T — 149+ 24+ 28
CMS, l+jets I

|_‘m - 0.8-—|-1..1 o k .: J 1 64 i_ 3 i 1 4
e e —_— = 136+ 20+ 41
CMS combined ——i 165.8+2.2+13.2
LHC combined - = 173.3+2.3+9.8

. | for m=172.5 GeV | + (stat.) + (syst.)
50 100 150 200 250 300 350
o,z [Pb]
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Top Pair Cross Section @ Vs =8 TeV

L 128ep2013 | CMS Preliminary,\'s = 8 TeV
ATLAS Preliminary P Y,
Data 2012.\s = 8 TeV L NNLO+NNLL (top++ 2.0)
! PDF4LHC My, = 172.5 GeV
h &L . scale uncertainty —e@—
Channel & Lumi. scale+PDF uncertainty CMS prel. (e/u+jets) 298 + 9+ :2 +10 pb
i — gtat. uncenainty TOP-12-006 (L=28/fb) (val. + stat. + syst. = lumi.)
— total uncertainty
Oy +(stat) (syst) Z(lumi) i(Ebeam)
-@-)
] i CMS prel. (ee,uu,en) 227+ 3+11+£10pb
. 1 H ) )
Single lepton 5.8 fb o 2412+ 31+ 9 pb TOP-12-007 (L=2.4/fb) (val. = stat. = syst. = lumi)
Dilepton (ep) 20.3fb"  raem 238+2+7+7+4pb -5
CMS prel. combined 227+ 3+11+10pb
%ﬁ%%g (val. = stat. + syst.+ lumi.)
| | | | | | (] NNLO+NNLL QCD, Czakon et al., arXiv:1303.6254 (2013)
EZ25 Approx. NNLO+NNLL QCD, Kidonakis, arXiv:1205.3453 (2012)
I OO 1 50 200 250 300 350 400 7] Approx. NNLO+NNLL QCD, Cacciari et al., arXiv:1111.5869 (2011)
[ Approx. NNLO+NNLL QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale ® PDF uncertainty)
[ Approx. NNLO+NNLL QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale uncertainty)
o [pb] | | | |

0 100 200 300 400

o(tt) (pb)
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Cross Section: Energy Dependence &f&%ﬁ!
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[ LI T I T T I T I LI LI I T I T T I T LI I I LI l LI I T I I l_
— --NLO QCD (pp) ¢ Single Lepton (8 TeV) 241+ 32 pb =
| ;E‘Approx. NNLO (pp) ¥ Single Lepton (7 TeV) 179+ 12 pb

+17

6, [pb]

B . A Dilepton 173 o pb =
~~NECHGGDI(py) O All-hadronic 167 = 81 pb e o "
102 | —Approx. NNLO (pp) @ Combined 177 *1101 pb e ]
- WCDF =
NOT the latest results, but... [ ¢oo ]

250
10 = /7 200 =
_350 CMS Preliminary .
8 L / i
—~ [ CMS combined7 TeV (1.1 fb’) | 150; .
=300 4 o _
O™ = CMS combined 8 TeV (2.8 f™) 4 ATLAS Prellmlnary ; |
- el, 7 8
250 __ f’ l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
n 2 3 4 5 6 F i 8
200 —
. Vs [TeV]
150/—
: .............. NLO OCD - .
: Approx NNLO 00D Everything appears consistent
100 - gz::: (l:)ngglt:alljr:élertainty .
: R SRS o with NNLO QCD
50 C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
6 6.5 7 75 8 8.5 9 n, "Quarks and Leptons" 13
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Differential cross sections UBJM%?!
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ATLAS-CONF-2013-099: Lepton + Jets

@) >= LELE L L L L B LA LR UL B
o T ‘ ' T T T T oI5 B ATLAS Preliminary Data 7
> 2= ata - ML L i
é 102§ Dat E Genera“y gOOd det=4.6 fb! e ALPGEN+HERWIG
g [ e " ALPGENHERNS 3 descrlpl'lon by 1B Ns=7Tev =  MC@NLO+HERWIG |
-o [ = MCQNLO:HERWIG ) ) - E
10 g s POWHEG+HERWIG ] S|mU|at|0n, bUt B * POWHEGLHERWIG -
B ® 54 .A|1TLASPreIim_:'nary ] pT(tOp) too SOﬂ: : - A Oma s :
o4 Ldt=461b _: b 200 GeV i i
E \s=7TeV E a Ove e
: : 10-1__ o ™ A ° ™1 A
10-55_ Y - A _E . E E
155-”I-Hvﬁ-i='I---v|"---Iv'HlHHlHHf””I“if ALPGENglveS best 12_::::}::::}::::{;:::}::::}::::{::::}::::{::::}:;::_
° A ° 4 é . . _.(E L ° u A - . B
Jg et = description of y,, Sk 0;_—f*~fmﬁ:*-fﬂf—ﬁ*—f
O 166366386406 506606706 806"666 1000 25 T T 05 008 T 15 2 B
Pl [GeV] Yi
"T_| L L e e = E' I:“I‘_I TrrTrTTTT T T T T ‘Illi‘llIYIIIIIE
E I - Data i E . Data ]
geots T BENONNL  _ NLOand NLO/NNLL — gg [ EiNLOQcD
‘—Ig E ATLAS Preliminary 3 . ~lo e JR— ATLAS Preliminary |
- . [La-ssm 1 do notinclude parton [Latzasm
il le=7TeV | showering : T eo7Tey f
; ; 10'4T —]
" MSTW2008NNLO : . . : MCFM/CT10 ;
i 7 Precise comparison - ]
ol . i 4
I , , , —- not possible 151
Zls E Y ols E it
g8 == B I/ T —]
2l o85BS 05:_..‘.|....I....I....J....l....l..‘.l..‘._:
0 500 1000 1500 ~ 2000 2500 "0 100 200 300 400 500 600 700 800

m, [GeV] UK HEP Forum, "Quarks and Lepto p. [GeV]



Differential cross sections UBJM%?!
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CMS-PAS-TOP-12-042: Lepton + Jets CMS-PAS-TOP-12-028: Dileptons
CMS Preliminary, £ = 19.7 fo~' at /s = 8 TeV
CMS Preliminary, £ =19.7 fo~" at /s = 8 TeV CMS Preliminary, £ =19.7fo' at /s = 8 TeV e, i + jets combined, > 4 jets, > 2 b-tags
.+ ets combined, > 4jets, > 2b-lags e, yu + jets combined, > 4 jets, > 2 b-tags ToowfT T T T ‘+ “nfolded data ]
'_"_\ — ‘ T T T ‘ T T T ‘ T T T ‘ T T L 4
L ;= = ~
‘> 0.014f + un folded data |1 7 H ~+  unfolded data E & g iy 1 tt (MadGraph) |
© [ [ tt (MadGraph) |[{ > L - = t [ tt (MC@NLO) |
o} [ - 1 @ 1 tt (MadGraph) Eeq 003 T L
- i tt (MC@NLO) |1 5 (.0041 H |[20-008 + {770 tf (POWHEG)
g0 T (POWHEG) [1 .t 3 tt (matching down) | —is 1
OE 1SR * {7 (matching up) |1 I ]
0.0101- 1 e i t£ (Q* down) | 0.006 n
i ] 0.003}- 2 H I ]
0.008- ] I tt (Q° up) ] . + ]
i ¥ ] 0.004F :
0.006p~ + . # 8 I |
i ] 0.002F - I ]
0.004F — L CMS Preliminary, £ = 19.7 fo~! at \/s = 8 TeV 0.002 - |
F 1 e o+ jets combmed >4Jets >2btags .
i ] T + unfolded data i |
0.0021- - - i ool T ¢ (MadGraph) || | = ]
r i r =T i 1t (MC@NLO) L L
I 1 0.001{ 55 £ 4 (POWHEG) 0.004 50 100 150 200 750
0000 = w070 i B [GeV]
Emlss [GeV] 0.003 7
i +
CMS Preliminary, £ =19.7 fb~! at \/s = 8 TeV 0.000—— L N R ] CMS Preliminary, £ = 19.7fb~! at \/s = 8 TeV
e jets comblned 24 Jets >2 b tags 200 400 § : e, uu + jets combined, > 4 jets, > 2 b-tags
- — L B S
L F unfolded data |1 T> 0.0201 ~+ unfolded data ||
g 0.0035}- tf (MadGraph) [ o 13 : 1 3 tf (MadGraph) |
? ; ~1 t (MC@NLO) ] i ~ ‘ 1 i (MC@NLO) |
3 20 T i T A — = F Ry 1
Efg 0‘0030: i tt (POWHEG) 1 0000+ —— g asnlrt)IT [‘Ge‘V] 00 i% 0.0151 Lottt (POWHEG) ||
0.00251 - L |
20 ] . . . L ]
0.0020f . | Comparison to simulation only 0010~ .
00015 1 Everything appears well described : Ff _ :
0.0010f - by simulation in both decay modes 0005 .
0.0005)- - I ]
L 0,000+ + =
e 1 B e R 40 UK HEP Forum, "Quarks and Leptons" ) B 80w 20
S [GeV My [GeV]



Cross section versus Jet Multiplicity UBN',.\%R%!
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» Top pair cross section in the presence of additional jets CMS-PAS-TOP-12-014
ATLAS-CONF-2012-155
» Helps constrain ISR, as well as testing pQCD
CMS Preliminary, 19.6 fb'at \s = 8 TeV 'E - | l ATILAS Prleliminarly ]
0 I I I l G>> 1 04 [ —e— Data
'8§ Dilepton Combined P]Te > 30 GeV L - —_—— QLCP@?ETSTHEE;VVL?G
-l e Data - === ALPGEN+PYTHIA (ct, Down) |
10 MadGraph+Pyth|a - 10° —— POWHEGLPYTHIA 4
MC@NLO+Herwig 3 = — =
-- POWHEG+Pythia ] - —_— JLdt=4_7fb.1 .
! E 102 = Is=7TeV —
- - B 3
ol = —— ; [ antik, R=0.4 Lo ]
c - ; 10-Ml<25 *f* =
- e . = p, > 60 GeV 3
102 B C usjets —1- ’
g - E 6
. Laieieieiei-e 4(—3' : ]
o BF : E &) E '.'..'.'.'.i:'..'.'.'.'
;E‘;g 1 _______________ E E 1.”‘“*___-. — I B
o I L
08 E—p 3 4 5 T — 0.5F o -
Jets E . . s s
Data disfavour MC@NLO+HERWIG 3 4 S5 6 27

N
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Top Mass Measurements UBN'..\%Rﬁl
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» Matrix Element method

% or -1
» Use MEs for processes contributing to final stateto  ~ : DO, 4.3 1
evaluate event-by-event probability densities. I {
Likelihood fit. 20 ;

» Neutrino weighting method

1 1 1
150 160 170 180 190

» Dileptons — two neutrinos cannot be separated m, (GeV)
» Expect Gaussian distribution for vn (width o< m,) o T
G300l £ e Data(8.7fb")
. %250_ A Signal+Bkgd
» |deogram/Template fits S £, HiBgdony
: . : : 2 & Al
» Fit reconstructed masses or other kinematic variables 5150
50
» Extraction from cross section measurements foo
» B-hadron lifetime technique o - .
. . Qop B teT Ty NS Proliminary Lipsd,98 T V=7 TeV cus
» Parametrise L,, in terms of m, asof

» Extraction from kinematic endpoints :
» 3-body decay constraints on various forms

Events/5 GeV
g
T

100

of transverse mass sof
G:““““-““‘ A, ] “hon2s0e aa]
14th November 2013 UK HEP Forum, "Quarksand Lep ~ © (e G20 20 © % Weewy *
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Top Mass Measurements UBN'..\%Rﬁl
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LHC m,,, combination - September 2013, L =3.5 fo'-4.9fb™
ATLAS + CMS Preliminary, \s = 7 TeV
PR e e — 172,31+ 0.23+ 0.72 = 1.35
ATLAS 2011, di-lepton i X . N "
e —e———  173.09 = 0.64 +1.50
CMS 20T Tets —a@i—  173.49+0.27 = 0.33 + 0.98
oS 20T driepion - — 172.50 = 0.43 +1.46
CMS 2011, all jets - +
e o——  173.49 + 0.69 +1.23
LHC September 2013 — e — 173.29 + 0.23 + 0.26 = 0.88
Tevatron March 2013 - ——i- 173.20 + 0.51+ 0.36 = 0.61
(stat.) (syst.)
| | | | . | | | |

166 168 170 172 174 176 178 180 182
My, [GeV]
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» What mass are we measuring?

> Extraction from measured cross section: MS scheme
» Other methods: Effectively measuring “MC” m,
» m, (MC) — m, (pole) = uncertainty on mass measurement

> [rrr T LR DL B B
CMS-PAS-TOP-12-031 8 600§ ATLAS YO ] (¢f. hep-ph/1101.2599)
ATLAS: hep-ex/1310.6527 g SOpNs=TTeY T S
g 4002_J Ldt=4.7f0" 3 ]
> Mass difference “ ©t { No mass difference
300F .
: 1+ observed!
— _ 200F |
m t m f - CMS: hep-ex/1307.1907
100: e Vs=7TeV; r;n?f"* = 173.2 GeV
P . peneenen e, 10 | T '_"'_1""""':'"""_
B88™=T50 -100 50 50 100 150 i:': 2201~ _ 4. ?&i&oﬁféﬁm —
A [GeV] " -.@- Top++2.0,CT10 ]
1 : 200[ .. ). Top++ 2.0, HERAPDF1.5 : _
» Extraction of o, from cross section T 20 MSTWa000 T
180 =#= Top++2.0, NNPDF2.3 | £l =
+3.6 R f | :
= 160 =
m,(pole) =176.7";,GeV (CMS) - = ]
140 e ; —
+0.0033 gls ]
aS (mZ) - 0.1 15 1_000032 120 ‘.".- :.—I—'.“. PR T ST ST SR AN T T S NN S S 'llé.N. PR T .—_
0.108 0.1 0.112 0.114 0.116 0.118 0.12 0.122
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B(t > Whb)/B(t > Wq) Brunel
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» Decayrate of t > Wqg (g =d, s, b) is proportional to th

» Assuming that the CKM is a 3 x 3 unitary matrix highly constrains |V, |
to be close to unity

»_ BU—=Wb) _ v, |
- — 2 2 2
B(t — Wq) |th| + |V, +|Vzd|

» Allows the study of |V,| CMS-PAS-TOP-12-035

DO: PRL 107 (2011) 121802
R(D0)=0.90 £0.04(stat + syst)
R(CDF)=0.94+0.09(stat + syst) R(SM)=0.99830"0oee
R(CMS) =1.023""(stat + syst)

-0.034

Good consistency between experiments and with SM expectations

14th November 2013 UK HEP Forum, "Quarks and Leptons" 20



Top Charge Asymmetry UBN'..\%Rﬁl
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Nevts NthS
anti-top top € TEVATRON anti-top 3 top
Ay=y,-y; HC S /\\Ayﬂfyt
—- -
— - 1 V. Shary, Top 2013 — - 1]
proton anti-proton proton proton

A =N(Ay>0)—N(Ay<O) A =N(AIyI>O)—N(AIyI<O)
" N(Ay>0)+ N(Ay <0) © N(Alyl>0)+N(Alyl0)

» Difference expected from QCD in angular distributions for top and
anti-top quarks
» Known as the charge asymmetry
» @ LHC expect ~1% effect
» Expect different behaviour at Tevatron vs. LHC
» Tevatron results deviate from SM expectations at 2-3c level
> Interesting enhancement observed at large m,,
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Top Charge Asymmetry &ﬁ&{ﬂﬁ!
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Afb of the Top Quark <U :I T 17T l T T 17T I T T 1T l T T 171 l T T 1T I T 11T l T T 1T I L L l L ]:
- B >0.6 . ]
[ V. Ahrens et. al., July 2011 0-6: Z—ﬁO— Unfolded ATLAS Prellmlnary .
arXiv:1106.6051v1 (2011) - I SM \s=7 TeV 3
(** submitted to a journal) 0.5 Axigluon m=300 GeV E
[ W. Hollik and D. Pagani, = Axigluon m=7000 GeV Ldt= 4.7 fb" 3
arXiv:1107.2606 (2011) (* preliminary) 0.4 —
0.3 ; é
- ATLAS-CONF-2013-078 =
CDF LJ —&—  0.158+ 0.074 (:0.072:0017) 0.2 t
(537 01 =
- ! e R E
0 ;_ T L] L4 —;
CDF DIL* o 15 i _f
" N . T T T LI B T T T T T =
042020156 Lorsi00m |l OIS Preliminary —pata 1 7 sbo e b6 %00
(5 ) - 19.7 fo'at Vs=8TeV EAG 1.0 TeV | m, [GeV]
- |+jets —— EAG 1.5 TeV .
CDF combined* ~——@—  0.201+ 0.067 (:0.065+0.018) 0.1 B —— NLO prediction 1 ]
(+ stat + syst) B —— NLO prediction2 |
- CMS-PAS-TOP-12-033 -
05— =
DO LJ** —e—  0.196+0.060 9018 : ]
(541" - | : & L
o 1 7 No deviation
| | | | | [ 1 from SM
-04 -0.2 -0 0.2 0.4 0.6 0.8 - f H
A Oé 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 O b S e rve d I n
fo 00 400 500 600 7

00
2
m, [GeV/c®] LHC results
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Spin Correlations UBN'..VUE',:ﬁ!
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» Very short top lifetime = spin information (correlations & polarization)
passed to decay products

» Expect negligible top-quark polarization and finite spin correlation in SM

2

1 d o 1

- =—(1+B,.cos(9,.)+Bjcos(9j)+Ccos(@,.)cos(ej))
o dcos(6;)dcos(0;) 4 = .y

~ ?
Top-quark polarization Antitop-quark polarization Spin correlation
e I K. Kréninger, Top 2013
b 'l"_- v
S ow Angle 6, between momentum direction of
_______ N [ 9 particle i in the (anti-)top rest frame and a
w- t t reference axis:
; ) » Beam (Tevatron)

» Helicity axis (LHC)
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Spin Correlations

2000 ATLAS Preliminary — fit resut
8000 | : e
- | Ldi=46fb \1s=7TeV tt (A=0)
1600 -4~ data
1400 ; [ background
1200F
1000
8001
600F
400(=
200F-
—
. 05 1 15 2 25 3
A¢ [rad]

CMS dilepton result:

[ f=0.74+0.08 (stat)*=0.24 (syst)]

CMS-PAS-TOP-12-004

Tevatron & LHC measurements
Consistent with SM expectations

14th November 2013 UK HEP

Brunel
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N(TT)+N(LL)=N(TL)=N(L1)
CN(TTD)+NLL)+N(TL)+N(LT)

C = Ain dilepton case

N A=SM
N A=SM + N A=0

fSM =

ATLAS Preliminary tt spin correlation measurements
-1
J. Ldt=4.6fb ,\s= 7 TeV fSM + (stat) + (syst)
Ad +—+—e—+— 1.19 +0.09 * 0.15
S-ratio - - 0.87 +0.11 £0.12
cos(6,) cos(6.) :
helici . °® — 0.75 £0.19 £0.25
elicity basis :
cos(6,) cos(b. 5
.( ) .( ) ————i—i 0.83 +0.14 £0.17
maximal basis :
0 0.5 1 15 2

Standard model fraction



Top Quark Polarization UBN'.'\%ﬂﬁl
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ATLAS results: 1 do 1
0P oo =—0.035+0.014 (stat)=0.037 (syst) Jeos(0) 5(1 +(2)a;Pcos(6),))
_ +0.013 o COS( i)
&, Pepy= 0.020+0.016 (stat) 22 (syst)
hep-ex/1307.6511 b i = aiP
P = the degree of polarisation
CPC = top and anti-top have same a. = spin analyzing power of the final-state
polarization particle (LHC uses charged leptons a = 1.0)
CPV = top and anti-top have opposite
polarization
Results are consistent with SM SM P = 0.003 (arXiv:1305.2066)

expectations and earlier CMS
measurement (note factor of 2)

[P=—0.009i0.029 (stat)+0.041 (syst) ] N (cos(0")>0)—N (cos(60")<0)
- 0
CMS-PAS-TOP-12-016 N (cos(07)>0)+N (cos(0")<0)
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W Boson Polarization UBJ:\%R?!
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» Massive spin-1 W boson has three polarization (helicity) states
» SM predictions for helicity fractions: F,, F, and F;

» Extracted from angular distributions of W decay products
hep-ex/1202.5272

I:0 1:_ CDF + D@ combination
I I I I I 1 I I I I 1 I I I 1 I I T I 1 I I E L = 2.7 - 5.4 fb'1
ATLAS and CMS preliminary 0.9 S—F> ® Combined result
\s=7TeV,L =35pb"-22fb" Fy F Fy - * SM value
nt : O CDF l+jets

B NNLO QCD 0.81" [1 CDF dilepton

Combination oot A Do
o=+ Data (F_/F/F)) r
ATLAS 2010 (single lepton) i a1 0.6/ 68% and 95%
ATLAS 2011 (single lepton) - A - C.L. contours
ATLAS 2011 (dilepton) o A 0-5:_ | | | | |
CMS 2011 (single muon) A 03 02 01 0 01 02 03
LHC combination - A FR
1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I

0 05 ) Vs = 8 TeV updates from CMS

W boson helicity fractions  remain consistent with the SM
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_CMS preliminary, 19.7 fb", Vs=8 TeV CMS preliminary, 19.7 fb”, s=8 TeV
14 inclusive | Bz @2 QP Ratio data_to_MC for N h 145 Tinclusive ] EP110MPI hi BTEV ONo CR g
125 c 1.2F
M r . MoE
3 € Comparison to o8 2
0.6 E
s MADGRAPH + PYTHIA6 S
F - ~
e E L (@)
e »zE Q
%Ms . e e — "o N
o8 Generally reasonable o8
0.6 . 0.6~
- agreement with data o
14— A
- [ transverse ] - [ transverse ]
1.2 J2
£ . LEE
%3 [ Emmp—— p———— Comparison to 3 e —— =
VM'D . e ) ) L ——
08~ Perugiall tunes = o8
0.6— 0.6~
1.4F 14
« _2; [ toward ] %1 .2? [ toward ]
L e e e ==
4 0.8F o
0.6F- ‘ ‘ 0.6 ‘ ‘
5678910 20  30_ 40 50 102 2x10? 5 6 78910 20 304050 100 23107
tt transverse momentum [GeV] tt transverse momentum [GeV]

» Perugiall tunes could be further constrained — especially for the case where colour
reconnection effects are excluded
» b-quark fragmentation and hadronization also studied
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N C I I I I I I I [ ]
= [ ATLAS (s<7TeV 1 Integrated jet shape: g
B—* I ] ]
v L i %
0.8 - - p-0,r) @
- 30 GeV < p, <40 GeV - Y(r)= L r<R N
0.6_— b-jets ] pR (O R) Lﬁ
B B Data (stat @ sys) . o)
o4- /@ 0000 - MC@NLO+Herwig ~ —
B PowHeg+Pythia ] ) _
ool light jets 1 » Observations support earlier CDF
o A Data (stat @ sys) . . i
: T uceNloHemis meaSL'Jrements. b jets expected to be broader
U J-Ldt =1.81b PowHeg+Pythia ] than light-quark jets
I I I I I S N W B
Cé: 1.2 = > Behaviour consistent with pQCD
= AR :‘i ----- - el
S o8- =
f E 1 » Perugiall tunes slightly disfavoured by jet
8 12F - shapes data
g 1_—---#----*----.----1 ----- | RO R .
= F = ) . . .
£ 08 1 > Help improve modeling of jets in MC

0 005 01 015 02 025 03 035 04

-~
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Top quark couplings need to be tested:
» Test Wtb coupling via single top

d — {

production d :
u
» Test coupling to y/Z via tt+y/Z W
» tty measured at Tevatron & LHC cms L= 50fb"at (5=7TeV
» ttZ cross section too low for observation 08 -
I~ ttV (dilepton analysis) ttZ (trilepton analysis)
at the Tevatron | 0437011 (stat) 00 (syst) pb  0.28 0] (stat) 0" (syst.) pb
CDF tty result: = L PRL 110 (2013) 172002
0, =0.18+£0.07(star) £ 0.04(syst) = 0.0 1({umi)pb 5| .
® 04
Gt]}’ﬁo =0.17+=0.03pb & [ -
PRD 84 031104 S I
0.2 —
ATLAS ttV reSU|t B Nciatiﬁlgr?!laéﬁ:iHEPW (2012) 052
. - Garzelli et al., JHEP 11 (2012) 056
O, " BR=2.0%0.5(stat) =0.7(syst) = 0.08(lumi)pb o o
O—;}‘;f -BR=2.1=+ O4pb ATLAS-CONF-2011/153 ATLAS upper limit: Gt?Z <0.7 lpb
ATLAS-CONF-2012-126 95% credibility
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ttH production

Large top Yukawa coupling = special role for top in EW symmetry breaking?

Direct observation of ttH vertex
therefore important measurement to

make! y t
g Y ‘ g . . .
tEfusiois - HO Already sFrong |nd|rect evidence
" & for top-Higgs coupling

t oM ~0.13pb @ /s =8TeV

CMS Preliminary (s=7TeV,L=5.0ft";(s=8TeV, L=19.5fb" 40
= L L A S
oy - ——— \b“’ - —— Observed CL, limit H — yy .
© 3% — Expected CL, limit ttH channels comb.
bb — —— _g 30; M +16 ATLAS preliminary é
Hadronic tt [~ ] . = 25; +20 Data 2012 \s=8TeV |
No observation © =t [Ldt=20.3 o -
. o E ]
L [ S 20 =
4 ! yet,butsofar & %
15—
I - all appears -
. . 10—
Same-Sign 21 I —— consistent with -
51—
Combination (— —— the SM b rrrmr e e e gy
T S T 120 122 124 126 128 130
Best fit o/og,, at m,, = 125.7 GeV my, [GeV]
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Single Top Production




Production mechanisms UBN'.'\',‘QDSE!
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s-channel production t-channel production tW production 3
q 4 ~ W Q

{ §

W 5

S

b t t::

S

=

g : t S

o7 _ 1 05+0.05pb o =208£008pb o =0.25+0.03pb 5
s

oM = 4,560,070 pb oM 87272520 pb 0 =222206x14pb  §
Tevatron LHC (7 TeV) 2

S

B ¢ channel Bt channel §

B s—channel ~

B s—channel

W W

Electroweak top quark production — all involve a Wtb vertex in the production mechanism
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» Dominant production mechanism for LHC and Tevatron

_ATLASICMS Preliminary.s=8TeV ______________ t-channel Single Top Quark Cross Section
! i g1 +0.94
NLO QCD (PRL102(2009)182003) -;—- DO e/“ﬂets 2.31b —— 3'14-0.80 pb
85.8"29 (scale) *° (PDF) t CDF e /M +jets 3.2 fb'1 040
- +U.
- ¥ MET+jets 2.1 fb'F e 0.80 49 Pb
ApproX. (NNL|O) (§r5x(|gg I3;35.3453) {-?-"
87.2** (scale) *:
x DO elutjets 5.4 fb” —e— 29055 pb
ATLAS Preliminary (5.8 o ) : ® - -
95.1 = 2.4 (stat) = 17.6(syst) = 3.6 (lumi) ! CDF e/u+jets 7.5 fb —o—i 1.495,, pb
]
CMS Preliminary (5.0fb ) o DO e/utjets 9.7 fb™ —— 3_07*(;’;;5: pb
80.1 = 5.7 (stat) = 11.0(syst) = 4.0 (lumi) : s
ATLAS+CMS combination ¢ 3 E‘h'éi‘;ﬁ'ﬁ‘ﬂgm (2006) m, = 172.5 GeV
85 = 4 (stat) = 11 (syst) = 3 (lumi) : I |
Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l I Ll 1l 0 5
20 30 40 50 60 70 80 90 100 110 120 —
O, D) o(pp— tqb+X) [pb]

Consistent results between experiments and with SM predictions
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» At LHC, expect asymmetry in production of top and anti-top quarks:

+2.1 .
0, =56475(scale)=1.1(PDF)pb g
09 Controls the charge
o . =307x0.7(scale)’; ] (PDF)pb
anti~top ( )i )P of the top quark
0}
R=—"12__184 t
Oanti—top .
/ b
CMS Preliminary, 12.2 fb™,\'s = 8 TeV
LI ) | LI | I LI I LI I LI ) I LI | I LI ':I LI ) I LI LI L L) I LI L L) l LI DL L l LELEL) ll llllllllllll l llllllll ll LELEL)
CMS Preliminary, ' g ATLAS Preliminary f Ldt= 4 7 fo! Vs=7 TeV :E|
TOP-12-038 1.76+ 0.15 (stat) £ 0.22 (syst) : A I;
. \S ATLAS result : + é 9
CTEQ6M : L : rH
! n : Q
cT10 ! 6' ABKMO09 —e—q %
_ ' S : '
VRSTOS E - I'r:; NNPDF 2.1 e §
! S MSTW2008 P —e— N
. MSTWO8 NLO 90CL N.=4 , - by : o
| G GJRo08 —— g;
. HERAPDF 1.5 NLO E- CT1 o (+ DO W asym.) :
.NNPDF2A1 Ng=4 - CT10 . ———
N T I B TS B T B T e T T e e ATl e

04 06 08 1 12 14 16 18 2 22 1213141516171819 2 21 2.2

Ratio = o(t)/o(t)
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measurement
» Expect top quarks to be = 100% polarized

» Examine the V-A coupling structure of the Wtb vertex

R 1 N(M=N
(?i L ICMS preliminary Vs =8 TeV, L = 20 fb” i Al — _})tal — (/l\) (\|/)
A =0.42 = 0.07 (stat.) + 0.15 (syst.) - 2 N(']\) + N(J,)
200__ ‘ ggaoelcrjaet%g?lgaOWHEG) _ a, = 1.0 in SM for charged leptons
7.generated (CompHEP) oo
| | CMS Results
A =041£0.17
100 7
— P =0.82+0.34
- CDF Result
o] I RS BRI R Cannot exclude opposite
-1 -0.5 0 0.5 cos 6*1 P — _1+0.5 polarization or
CMS-PAS.TOP-2013.-001 ! -0 unpolarized production
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» Second largest production mechanism at LHC; negligible at Tevatron
» Evidence for existence fromvs=7TeVdata . ————— e _

700
c - CMS Preliminary, (s = 8 TeV &Imta
~ — N — - B 600-12.2 fb” ew/u/ee channels Ml
81400 ArLas Preliminary o Data E o - 1j1t =<z)/tYh;:ets
%1200 — \s=8TeV, JLdt -2031b" =t‘?’t — C 500 Syst
% 1000 = ep 1-jet 1-tag ODiboson ] e 2 400 - '
> - Z OZ(z7) + jets T o GCJ C
W sooF / @ Fake lepton 7| S o
— T Uncertainty ; L 300
6001 = = -
- . e -
400~ = o  200p
- 7 c :
200 — (o) 100
ol = B -
1S 1.3;7/// ; ! ; T ] f>5 0 : ‘ ‘ ‘ ‘ ‘
S / 3 |/ o
S G000 A S 9‘01-5
& I )// %/ 4. /// % / 7e é % 3 = 20 51 %% M//%ﬁ/»%w”/wrwwwyw#/
A 02 0 02 ot e o 92 02 01 0 01 02 03
"5 BDT Discriminant
o(pp = Wt+X)=272=x2.8(stat) = 5.4(syst)pb o
(ppl 10+0. 1; 003(h | e - olpp = Wi+ X)=23 4+ pb
Vil = (exp)=0.03(theory) V,,|=1.03+0.12(exp) = 0.04(theory)
4.00 significance CMS-PAS-TOP-12-040 o
ATLAS-CONF-2013-100 6.00 significance

14th November 2013 UK HEP Forum, "Quarks and Leptons" 36



s-channel production

» Not yet observed at Tevatron or LHC

Posterior Probability Density

ATLAS s-channel measurement from vs =7 TeV

14th November 2013

-

Single Top s-channel Combination CDF Run Il Preliminary, L = 9.5 fb™!

CDF CONF NOTE 11045

<h — +0.38
Gf)b: - 1'38-0.37 pb

(652" = 1.05 + 0.05 pb)

‘u'
sl /L 88% \4.20 significance
/ \
1/ \’
/ \
/ \‘\
/ AN
/ \\
o 1 1 _T.V"I 1 L 1 l 1 1 1 1 I 1 L1 1 l 1 1 L \Ii-‘T‘—r“‘-l—.l_ 1 l 1 1 1 1
0.5 1 1.5 2 25 3

Single Top s-channel Cross Section (pb)

0 < 26.5 pb @ 95% CL

ATLAS-CONF-2011-118
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2 5@ D@ 9.7 fb”
s I 1 SD
=0 L 2 SD
23 4 3 SD
ga [ [ 5
i’g 3. @ 3.70 significance
- %
Q2
o [ o A @ Measurement
2r W sm
L ¢ Four generations
1: O Top-flavor
E +0.33 /\ Top pion
o =jl 1 —0.31pb [0 FCNC
o_l 11 1 | L1 1 1 | I T | 1 1 1 | I 1 1 1 | 11

0 1 2 3 4 5

tb cross section [pb]

hep-ex/1307.0731 s-channel

So far only evidence for
s-channel production
from Tevatron
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» At Vs =13-14 TeV and 300 fb!, expect 250M tt pairs and 100M single
top events

» Expect some substantial improvements to top-related
measurements, plus some new ones

> Exploit different top mass extraction techniqueseg. t =b—=J/y — u'u
» Improved ttV (V = W, Z) measurements, plus first measurement of tZ
» Constraint of top couplings to both Z and photon
» Top Yukawa coupling
» Improvement of systematics on existing measurement techniques

» Lots of new and exciting physics to come!
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UV EIEE]
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Top-Anti-Top Resonances UBN'..\%Qﬁl
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» A number of BSM theories allow for resonant top pair production:
» Benchmark theories:
> Leptophobic top-colour Z’ (narrow resonances) g
» KK gluons from RS models (broad resonances) E
» Tops tend to be highly boosted g
» Use jet substructure observables to identify them

s=8 TeVI I— Obs.l95% CL uppler limit ]

10° [ R T  — Exp. 95% CL upper limit
' I Exp. 1 c uncertainty 3

Exp. 2 ¢ uncertainty

----- Leptophobic Z’ (LOx 1.3) 3

ATLAS Preliminary

CMS, 19.7 fb”, \s =8 TeV

::
n
I IIII I

— 102 = —_ T T T T T T T T T T T T T T ,
= F Expected (95% CL) 2 Vs = 8TeV —— Obs. 95% CL upper limit # mass[TeV]
— - N\ . = Ldi=143fy’ T Exp. 95% CL upper limit
= 10 '\ | Observed (95% CL) 0 I ! ' [ Exp. 16 uncertainty
T : N — = 7' 1.2% width < Exp. 2 6 uncertainty
N NS 2 10 Kaluza-Klein gluon (LO
o - : I +10 Expected o e T aluza-Klein gluon (LO) -5
x TE o ATLAS Preliminary ]
6-“ = +2c Expected X
S 10" ©
- g
E
=
(7]
Q.
Q.
}

~
~
~
107 Lt ! L ! ! .
0.5 1 1.5 2 2.5 3 '05----1----15--..2....25
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Top Quarks & Supersymmetry

Stop pair production decaying to either top plus neutralino or botton plus
chargino

~NANS .
t-t production - . - "
P od 0 t,t; production, t,— t ol t—Wb ol t—c 7 Status: SUSY 2013
;‘500_|||||#|||| I L I L L O B B = B L L ,1| T T III — ,1, LA L o o
() ] - ]
0} a50L - CMS reliminary ob g ] 400-_ATLAS Preliminary L, =20-211fb"vs=8TeV L, =4.7fb"1s=7 TeV_7]
—— Observe — - ]
§ : \/g - 8 Tev ] - ==L t—>'t)c6 0L CONF-2013-024 0L [1208.1447) .
e - SUSY 2013 - - - Expected ] - —EH Loty 1L CONF-2013-037 1L [1208.2590] a
o 400 o - 350~ mmmoL, t—>tx 2L CONF-2013-065 2L [1209.4186] ]
%) - = SUS-13-004 0-lep+1-lep (Razor) 19.3 fb™! ({-> %) . T EmoLio Wby 7 2L CONF-2013.048 7
— 350 o o ] : & 0L mono- JeI/C tag, I —¢C X OL mono-jet/c-tag CONF-2013-068 _
- == SUS-13-011 1-lep (leptonic stop)19.5 fb™' (i~ t7) 4 300~ CDF 2.6 b [1203.4171] ]
C y . . = Observed limits = Expected limits ]
300 | = SUS-13-011 1-lep (leptonic stop)19.5 fb (& b;”(1, x=0.25) — — Al limits at 95% GL _
- . . . ] 250— ° _]
250 5 - -
C ] 200— -
200 — C ]
- 1 150 =
150 — —] = -
C 1 100 —
100 — — ]
50 [~ 1 50F :
O :'l | 1 N | I r1 L I- .I. I- T | I I I I 1 14 1 I | sl 81 | I | : I T
100 200 300 400 500 600 700 800 700
stop mass [GeV] m; [GeV]
)
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» Irreducible background to ttH measurement

» Measure ratio as many systematics cancel

10° T T T T
CMS Preliminary L Dat*a
19.6 fo" at\'s = 8 TeV mzy -1l
4 @Single top
10 Ott others 3
Hii+LF 3 ’UW\<

Events

Et£+cc N —
) tt+bj
10 Witibb 5

Examples of LO ttbb production diagrams

ffffffffffff . o(1tbb) / 0(1Tjj) = 0.023+0.003(star) = 0.005(syst)

1
Q i ‘ ‘ ‘ ‘ ; Jet p; > 20 GeV/c
§ I ' ’ — 1 o(ttbb)/ o(ttjj) = 0.022 = 0.004(stat) = 0.005(syst)
.Og 0 ‘ i ‘ 2 ‘ 3 ‘ J4 :
Number of b-Jets Jet p; > 40 GeV/c
MADGRAPH: 0.016 + 0.002, 0.013 + 0.002 Results appear reasonably
POWHEG: 0.017 £ 0.002, 0.014 + 0.002 consistent with MC predictions
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