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http://arxiv.org/abs/1205.6497

Top Quark Properties in Production and Decay

W-Helicity Fractions
+ Branching Ratios, Vi,

Top Quark Pairs VV Rare Decays, FCNC

Spin Correlations
Polarisation
Asymmetries

Mass
Mass Difference,
Width, Charge

cross sections,
kinematics, QCD
parameters,
resonances,
new particles

i - I s, t, tW channel production,
EVﬂ(Engle Top PI'OMOH Polarisation, Vi, FCNC, W-helicity, mass
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The Past
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= Tevatron pp 1.96 TeV = LHC Run-l pp (7 and 8 TeV)
= discover = pp: complementary initial state
= scrutinise and measure = superior statistics — top factory
= establish top as SM quark >
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The Present

Mass of the Top Quark

Example: m(top)

July 2014 (* preliminary)

CDF-II dilepton *

170.80 £3.26 (+1.83= 2.69)

_—

D@-1I dilepton 174.00 £2.80 (+2.36 = 1.49)
_— =

CDF-Il alljets * 175.07 +1.95 (1.56=1.19)

P ——
CDF-ll MET+Jets 173.93+1.85 (+1.26=1.36)

PR —
CDF-Il lepton+jets 172.85+1.12 (+0.520.98)
—_—

D@-II lepton+jets 174.98 +0.76 (+0.41x0.63)

-
Tevatron combination * 174.34 +0.64 (=037 =0.52)
(Run I and Run II) (= stat = syst)
x2/dof = 10.8/11 (46%)
1 1 1
165 170 175 180 185
M, (GeV/c?)

Tevatron Run-l and Run-Il Combination

CMS Preliminary

May 2016

b hadron lifetime

——@——— 173.50 = 1.50 = 2.91 GeV
TOP-12-030 (2013)

Kinematic endpoints 173.90 « 0.90 +1.70 GeV
EPJC 73 (2013) 2494 ~® e -2.10

b-jet energy peak — @ 17229+ 1.17 + 2.66 GeV
TOP-15-002 (2015) ' ' '
Lepton+J/¥

e @——a 173.50 = 3.00 = 0.90 GeV
TOP-15-014 (2016)

Lepton+SecVix ® 173.68 + 0.20 +1:58 GeV
arXiv:1603.06536 (2016) DA -0.97

Dilepton kinematics ® 171.70 + 1.10 +2-68 GeV
TOP-16-002 (2016) -3.09

Single top enriched ®

172.60 = 0.77 *0-97 ) 0. GeV
TOP-15-001 (2016) :

CMS tt+j shape, 8 TeV

& e 169.90 = 1.10 *438 _ o GeV
TOP-13-006 (2016) :

o(tt) 7+8 TeV
arXiv:1603.02303 (2016)

~@— 17380 *170 . o GeV

CMS 7+8 TeV (2015) ® 172.44 + 0.13 = 0.47 GeV
arXiv:1509.04044
World combination
ATLAS, CDF, CMS, DO Q- 173.34 = 0.27 = 0.71 GeV
arXiv:1403.4427 (2014)
o b ey
160 170 180 190
m, [GeV]

CMS Run-I Combination

ATLAS Combination (8 TeV to come)

mtop = 17434 i O.64syst GeV

mtop = 17244 + O.493yst GeV

Miop = 172.84 + 0.70sy5t GeV
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mass and properties at highest possible = measure Topt o1
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The Prese nt Run-l cross sections CMS Preliminary

¢ 7 TeV CMS measurement (L < 5.0 fb™)
¢ 8 TeV CMS measurement (L < 19.6 fb™)
— 7 TeV Theory prediction

— 8 TeV Theory prediction

Z CMS 95%CL limit
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The Future

LHC Run 2 expected luminosity
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The Future
é ~ LHC Run 2 expected luminosity
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= N
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3 —
; 5 Run-Il Top-Quark Physics:
Q 60 = Measurements at Ultimate Precision
© B = Properties and couplings (it and single top)
8 - = Low-cross-section frontier: tt+X (X=q, y, V, H)
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The Future
é ~ LHC Run 2 expected luminosity
2 100 —
8 - we’re going here
= N
& 80 —
= 3 Outline of this talk
o - = Present Early Run-Il Results:
Q 60 — tt, single top, tt+jets, ttZ, ttH
g B = Showcase Run-I results with direct
D - relevance to Run-II goals
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tt Event Signatures w

Jet b-jet

all-hadronic;

p P
%) b-jet 3
S AR 24 BR~45%
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Top quark events have all experimental signatures:
leptons, jets, b-jet, MET
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Experimental Ingredients Partce Fow
LH
= Particle Flow " " HCAL :
= Holistic view of all detector information neutral ' etector > Clurgl
adron =
= Combination of tracker and calorimeter - oé"
to obtain list of identified particles : '
= Jet (and Ex™ss)
= Resolution and scale mostly from y-jet Qarticle-flow
and Z-jet balance.
= Event-by-event pile-up subtraction VS IMEA3001 VS DP2012012
based on charged component CMS  Preiiminary %W) MS DP-
2 R N R R = BT T
= ' i - - Data A . .
$2500 relative bet cor.: o 408 [ we ca:o? (0ate) 1
= |solated Leptons (e,por1) ° 0998 £0.005 @z P it =
- Wz T [ —tF MO e ]
= Calibrations and efficiencies from  *°°°F B Otrers § L mon ]
dilepton resonances (Z, Y, Jiy) 500l = 1 ¢ N ' i
: Z+b 5
= b-tagging 10001 - ]
= Combination of several techniques _ _ i  \aer E
(vertex, impact parameter, tracks/ i R T
leptons within jets) X O 0 000 B brated praEs (GeV)

Ruer

Top quark physics: require high-precision leptons, jets and b-tagging
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13001

Top-Quark Pair Production

LHC (13 Tev) Tevatron
t IO —— ¢
g 09/9q ~90% ~15%
A
3 9 TOO—e— qq ~10% ~85%
g —»—1 g t . Hland ZEUS HERA I+I1 PDF Fit
g E i xg (x 0.05) Q*=10000 GeV? E
A _ 7 —— HERAPDF1.5 NNLO (prel.) ;‘
g l_«—1t 9 t 08 - ! B exp. uncert.

|:| model uncert.

| xS (x 0.05) - parametrization uncert.

0.6j \
o(7 TeV) 177 pb £+ 7% | /  \

o(13 TeV) = 832 pb + 5% 2 XN
Ri3/8 = 3.28 = \

Top quark pair production at LHC predominantly from gluons

HERAPDF Structure Function Working Group

&‘(lT @%@ Andreas B. Meyer Top Quark Physics with CMS at Rur-ll Wine and Cheese, 3June 2016 14



Top-Quark Pair Production

Czakon, Fiedler, Mitov PRL 110 (2013) 252004

350 [ . .
NNLO (scales)
NLO (scales)
300 LO (scales)
CMS, 7TeV w—s—
ATLAS+CMS, 7TeV »—a— L QR
250 | ATLAS, 7TeV w—a— 00
Ny CMS, 8TeV m——— 0" ',,’:g.:em»
& i X
=~ 200
S
©
150
100 Indep. ug g variation
PP — tt+X; my,,=173.3 GeV
50 MSTW2008(68¢.1.) L5; NLO; NNLO
6.5 7 7.5 8 8.5
Vs [TeV]

o(7 TeV) =177 pb £ 7%
a(8 TeV) = 253 pb £ 6%
o(13 TeV) = 832 pb £+ 5%
Ri3/8 = 3.28

08

04

99/99
qq

LHC (13 Tev) Tevatron
~90% ~15%
~10% ~85%

H1 and ZEUS HERA I+II PDF Fit

0.6

0.2

| xS (x0.05)

xg (x 0.05)

—— HERAPDF1.5 NNLO (prel.)

‘ - exp. uncert.
\ |:| model uncert.

- parametrization uncert.

Q*=10000 GeV?

Xu,

HERAPDF Structure Function Working Group

Full NNLO available since early 2013 - scale and pdf uncertainties 2-3%
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http://arxiv.org/abs/1303.6254

Single-Top Production

= Test of EW interactions
=V, / 4th generation / FCNC

= Sensitivity to b-PDF and u/d-PDF

q’ q
w

b t

J b

o(7 TeV) = 64 pb £ 4.5%
o(8 TeV) = 85 pb + 4.4%
o(13 TeV) =217 pb £ 4.1%
Ri3/8 = 2.6

CDF: 2009

§2]
§ 10* (a) 10
L

10° 5

10° N 0 08 09

Foe
10 +

0 0.2 0.4 0.6 0.8 1
_Super Discriminant
complex multivariate analysis
b w

o(7 TeV) = 15.7 pb £ 7.6%
o(8 TeV) = 22.4 pb £ 6.8%
o(13 TeV) = 71.7 pb £ 5.3%
Ri3/8 = 3.2

CMS8TeV
<103 CMS, Vs =8 TeV, L = 19.7 fb™, muon, 2-jet 1-tag
: T T T L bata T T :
- M t-channel ]

[, tw, s-channel

Events/10 GeV

0.8 [l W/Z+jets, dibosons—]
L []QCD multijet
r Syst. uncertainty |
0.6~ —
04fF -

02f &

0 150 250 300

. . . .My, (GeV)
simple kinematic analysis

350

q t
W+

o(7 TeV) = 4.3 pb + 4.4%

o(8 TeV) = 5.2 pb +4.2%

(13 TeV) = 10.3 pb + 3.9%

R13/8 =1.9

Single-top cross sections at Run-ll are as large as the tt cross section at Run-|

Andreas B. Meyer
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Energy Dependence

" Campbell, Eliis, Roentsch Phys.Rev. D87 (2013) 114006
WerTT71 71 7 7 7 717 "1 71

Top pair and single top cross sections
e/ Wwith and without accompanying Z

0 i///tf = <— 10Hz(at10%)
E — —channe E D p— 34
105 = ___———————_________________i:::__—_—_—_——' E Et—cganng]lg = 2 HZ (at 10 )
E 10* - 7
b

34
«— 001Hz(at10%)

= ___—t+Z (t—channel)3
— _————t+Z (t—channel)-
- __CMS Simulation MC t
0.035— 8 TeV7
] 13 TeV
1 6 0.025— ]
Vs[TeV] o2t b

sesssssecd],
sEssaasad]

Cross section driven by rise of gluon density to low x: ol
— bulk tt sample does not look substantially different ooosy

400 450500
p, (Top) (GeV)
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http://arxiv.org/abs/1302.3856

o« Run-|

8TevV —

ATLAS+CMS Preliminary LHCfOpWG

NNLO+NNLL PRL 110 (2013) 252004
m,,, =172.5 GeV, a,(M ) = 0.118+0.001

scale uncertainty

scale ® PDF & a uncertainty

ATLAS, lepton+jets

PRD 91 (2015) 112013, L, =203

CMS, lepton+jets

arXiv:1602.09024, L, =19.6 fb™

CMS, lepton+t,
PLB 739 (2014) 23,

ATLAS, dilepton eun
EPJ C74 (2014) 3109,

CMS, dilepton (ee, uu, eun)
JHEP 02 (2014) 024, L, =53fb"

LHC combined eu (Sep 2014)

Ly =19.6 o

Ly =20.3 b

o, summary, Vs=8TeV May 2016

1 | kel | |
tota'l sta{

o, = (stat) = (syst) = (lumi)

|—u—| 260 =175 =8 pb
—e—] | 228.5+3.8+13.7+6.0pb
|—H—| 257324 +7pb
: 2424 +17+55+7.5pb
|—|.|—| 239.0+£21+11.3+6.2pb

2415 £1.4 +5.7 = 6.2pb

ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,

Ly =53-2031b"
CMS, dilepton eu

arXiv:1603.02303, L, =19.7 fb”

CMS, all jets

EPJ C76 (2016) 128, L, =18.4fb"

Effect of LHC beam
energy uncertainty: 4.2 pb
(not included in the figure)

+6.3

2449+ 14752+ 6.4 pb

+

|
275.6 + 6.1+ 37.8 + 7.2 pb

NNPDF3.0 JHEP 04 (2015) 040

MMHT14 EPJ C75 (2015) 5
CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[aS(MZ) =0.1 13]

| HCtopWWG

— T1TeV

ATLAS+C ictopwe
NNLO#NNEEPRL T10/(2013) 252004
My = 172.5 GeV, (M) = 0.118-0.001
scale uncertainty

scale @ PDF @ ag uncertainty

o summary, Vs =7 TeV May 2016

total stat

0 = (stat) = (syst) = (lumi)

ATLAS, I+jets e 179+429+7pb

ATLAS, dilepton (*) e 17361 *2pb

ATLAS, all jets (*) 167 + 18 + 78 = 6 pb

ATLAS combined i 177 =375 = 7pb

CMS, l+jets (*) —fot—: 1643 =1227pb

cwms, dilepton (*) [ ] 170+ 4= 16 = 8 pb Lt
CMS, 7,1 () —_— 149 + 24 + 26 = 9 pb L=ttt
CMS, alljets (*)  b———t——e——t—rf 136 = 20 + 40 = 8 pb L1t

(%) Superseded by results shown below the line

d in the figure)

lll‘llll‘llll‘lll

CMS combined —fo—} 166 = 2 =11 =8 pb

LHC combined (Sep 2012) ] 17322+ 8+6pb

ATLAS, ljets, b—Xuv —e— 16542217 +3pb L7
ATLAS, dilepton ey, b-tag FaH 1829:31242+36pb L 460"
ATLAS, dilepton ey, N’el;E'r"‘“ ] 181222837 +33pb

ATLAS, 7, +jets ————s————— 194:18 +46pb

ATLAS, all jets —_— 16812 % = 7pb

ATLAS, 7, +l —tt—t—i 183+9 =23+ 3pb

CMS, l+jets. et 161.7 =+ 6.0 = 12.0 = 3.6 pb

CMS, dilepton ey e 1736+21°35+38pb L .s0m"
CMS, 7, ——e—— 14314 222=3pb 221"
CMS, 1, jHets _ 152123223 pb L300
CMS, all jets o 1391026 +3pb 5"

NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC75 (2015) 5
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
[:(M,) =0.113]

l‘llll‘llll‘llll‘lll

50 100 150

200 250 300 350

o, [pb]

= ey channel is most precise

= high purity

= high acceptance

LHCtopWG Run-I combinations

underway

Wine and Cheese, 3 June 2016
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG

ot (Tevatron, Run-I and Run-Il)

LHCtopWG
E‘ | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ]
Tevat bined 1.96 TeV (L < 8.8 fb™ .. _
2 B Z A%{i\g’glf%”}e'{m 4 6]% )( ) ATLAS+CMS Preliminary May 2016
c e CMSeu7TeV(L=5f"
o 3|_ m ATLASeu8TeV (L=2031b") LHCIopWG
= 10°F o CMSeusTev(L=19.71") =
O — v LHC combined ey 8 TeV (L = 5.3-20.3 fb’ b -
D ~ = ATLASeu13TeV (L=321b") .
\ e CMSeu13TeV(L=43pb’, 50 ns) -
n ~ v CMSeui13TeV(L=221f" 25 ns)
0 — o ATLAS ee/up 13 TeV (L = 85 pb”") T T T3] —
O O ATLAS Isjets 13 TeV (L =85 pb”) _ ;
o — O CMSl+jets 13 TeV (L=42pb™) [ 1 7
o= 900 ]
21— - 1]
® 10°E SR []# """ =
‘N — 800 4 3
= B ! )\ 1 7
) B : O 1
£ B 700" 1 7
— === NNLO+NNLL (pp) i 1 -
NNLO+NNLL (pp) S
10 = Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] _
— NNPDF3.0, m = 172.5 GeV, a,y(M,) = 0.118 = 0.001 -
B | | | | | | | | | | | | | | | | | | | | ]
2 4 6 8 10 12 14
Vs [TeV]
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG

ot Run-Il: the first 42 pb-' (July *15) s e Lo 15020201

Published in October 2015

= Opposite-charge ey + 2 jets (no b-tag) 3rd CMS Paper on Run-|
s G N 43pb' (13 TeV)
Simple cuts — very pure tt sample 2 I oms o e
= DY background from data g | t
. () /
= tW background dominant 5 VS" Wiz
0 tW
E Zy* > ey
Z
Source AC/O (%)
Statistics 7.8 .
®)]

. . Q g3l—y . A . ; .
Trigger/selection 5.6 0 reje1ct . é?Ie o 0 . ° Num?)er of j;ts
Signal modelling 2.6
PDF 2.4

[ Ott = 746 + 58stat + 533ysti 36|umi pb ]
Backgrounds 2.1

Ao/o=I11%
Still statistics limited
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ot Run-ll: the full 2015 dataset Top60t

Spring 2016
= QOpposite-charge ey + 2 jets (1 b-tag) o
: 2.2fb" (13 TeV)
= Simple cuts — very pure tt sample 2 [oMS  ewrs2jes T Daa
= DY background from data % | Freliminary it
= tW background dominant 5 - \N,\O,n+vt\%<,z
Q e tW
£ 5000 M ZN* — et
Z
Source AC/O (%)
Statistics 1.0 0
O 1.4
Luminosity 2.7 T ———
. . Q0.6 ' : : '
Trigger/selection 2.5 ?eject sele& ° Number c2>f3b jets
Signal modelling 2.6
PDF 0.6 { Ott = 793 % 8stat £ 38syst £ 211umi pb ]
Backgrounds |.5
A0/0=5.6%
Shrink systematics further with more data
&‘(lT @:@ Andreas B. Meyer Top Quark Physics with CMS at Run-|l Wine and Cheese, 3 June 2016
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O-tt Run-l Legacy x10° 19.7fb“(aﬁr)i\tlj\lf)sw5

CMS e Data

B it

B twAw
Y)Y

1w

I non W/Z

C v

MC syst+stat

Events

= Opposite-charge ey
= 12 categories of Niet and Np-ag

= Constrain backgrounds and systematics
in visible phase space 20

= Extrapolate to full phase space

ulo / ¢
aolo A Al
o e NANNNNNNANNANSNAYN
o' \ | " N N N
2 =3

Numbgr of b-tagged jets

1 bag 2btag

1 additional jet 2 additional jets

1 additional jet 2 additional jets

Events/GeV
Events/GeV

§§;§ . '¥ :‘ “ mm\\\\\\ss\\\\\i\\\\is : e \\\\\\\\Wﬁ\\\\ ok :
40 60 80 100120140160180 40 60 80 100 120 140 160 180 40 60 80 100 120 140 50 100 150 200 250
p_ [GeV] p._ [GeV P, [GeV]
4 N\
Ott(7Tev) = 173.6 £ 2. 1stat + 4.5-4.0 gyst £ 3.81umi pb .
Aoc/o=3.7%

AT @@ Ancreas B. Meyer \O'tt (8Tev) = 244. 9 + 1 4stat + 6.3-5.5 syst = 6.41umi pb
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http://arxiv.org/abs/1603.02303

arXiv:1603.02303
O-t’[ RU ﬂ-| LegaCy «10° 19.7 o' (8 TeV)
£ CMS * Data
o B 1t
i B twAw
Source AC/O (%) by
CIvv
Trigger |.2 I non W/z
- Ctv
Lepton ID |.5 20— MC syst+stat
Jet Energy Scale 0.8 C
Drell-Yan Bg. | .4 %g 151% N . o x\\\\\\f\\\\\\\
SosE . 1 . . AR
b-tag 0.5 0-5==7 1 2 =3
_ _ Number of b-tagged jets
Luminosity 2.6
Total visible 3.6 = Detector response: constrain systematics from
Scale (extrap.) 0.2 experiment within fiducial phase space
ME/PS (extrap.) 0.2
Top pt (extrap.) 0.5 = Acceptance: Unconstrained theory uncertainties
for extrapolation to full phase space
PDF (extrap.) 0.1

Ott (7 TeV) = 1736 + 2.1stat + 45'40 SYSTi 3.8lumi pb AoC/0=3.7%

AT @@ Ancreas B. Meyer \O'tt (8Tev) = 244. 9 + 1 4stat + 6.3-5.5 syst = 6.41umi pb
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arXiv:1603.02303

ot Run-Il: Challenges

Source Ao/o (%) Run-ll Shopping List
Trigger |.2 = Experimental
Lepton ID |.5 = Trigger (OR with single lepton triggers)
Jet Energy Scale 08 = Lepton ID (beat doyyn systematics thh statistics)
= Backgrounds (additional fit categories)
Drell-Yan Bg. | .4 = Luminosity
b-tag 0.5 = Also measure tt/Z ratio and tt+t\W cross sections
Luminosity 2.6
- = Theory
Total visible 36 = NLO+PS Monte Carlos (LHE weights to reduce
Scale (extrap.) 0.2 statistical effects and increase sample sizes)
ME/PS (extrap.) 0.2 = PYTHIAS, Herwig7, EviGen
= improved MC tuning
Top pt (extrap.) 0.5 - improved PDF
PDF (extrap.) 0.1 |

B ssmm——
Ott(7Tev) = 173.6 £ 2. 1stat + 4.5-4.0 gyst £ 3.81umi pb

Ao/0o=3.7%

SKIT @@ Ott (8 Tev) = =244, 9 + 1 4stat +6.3-5.5 syst £ 6. 4iumi pb

Andreas B. Meyer L 1e and Cheese, 3June 2016 24
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ot Run-l Legacy: Stop Limit itz
= Simplified model with two parameters (mstop and my)

= Light stop production a(MSSM) ~15% of Ot
= Precision cross section measurement can fill gap at miop = Mstop

~~ . ~ ~O ~0
t-t prOdUCtlon, t%tx‘l /CX1 N L I By L BB B B B |1|9.I7|fbl-1 (|8|T?V2
- CMS — Observed =10,
- Expected
I Expected +1o,,,

N

. o
O w o »;

]
o
o

- CMS — Observed
Vs = 8 TeV - - - Expected

e SUS-13-023 0-lep (2 body decays) 18.9 fb!
—— SUS-14-001 0-lep (2 body decays) 19.4 fb™
e SUS-13-011 1-lep (2 and 3 body decays) 19.5 fb™'
= SUS-14-015 1,2-lep (2 and 3 body decays) 19.5 fb™
= SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.5 fb™
—— SUS-14-0110,1,2-lep (Razor) 19.3 fb'!

SUS-14-001 Monojet (t- ¢ %, %) 19.7 fb™!
— SUS-14-021 1-lep (4 body decays) 19.7 fb™'
= SUS-14-021 2-lep (4 body decays) 19.7 fb!

LSP mass [GeV]
[}
o
o

Expected =20,

400

4

300

200

95% CL limit on signal strength

: m(i;: %) =1 GeV)>189 GeV

100

0'55 (= t%‘:, m(;“((:) =1 GeV
‘, NENENENE INEN AN SRRRENENE SA1 e AT /Y T N L1 L1 L L1 L L1
o0 200 300 400 500 600 700 800 01230 1E|50 1;0 1;30 1g|;o 250
stop mass [GeV] m- [G eV]
t
~N

Ott (7 TeV) = 173.6 + 2.1stat +4.5-4.0 S)’Sti 3.8lumi pb AoC/0=3.7%

AT Ott 8 Tev) = 244. 9 + 1 4Stat +6.3-5.5 syst = 6.41umi pb

Andreas B. Meyer L 1e and Cheese, 3June 2016 25
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http://arxiv.org/abs/1603.02303

arXiv:1603.02303

ot Run-l Legacy: Pole Mass
With current 80ineory\N-° = 5.5%:

could reach dm¢° = 0.5% with 80exp = 2%
= From cross section extract top quark mass within

theoretically well defined scheme (e.g. pole mass)
Top-quark pole mass measurements May 2016

] :
Assume asand PDF and compare to NNLO DO, 1T o iersoes® o cey

MSTWO08 approx. NNLO
DO G(ﬁ), 1.96 TeV

—10 DO Note 6453-CONF (2015) ~ — @
Am/m=1% MSTW08 NNLO
DO oftt), 1.96 TeV +3.40
arXiv:1605.06168 (2016) —@—— 172.80 -3.20 GeV

1 ' MSTWO08 NNLO
[ mP°® = 173.8t17 (GeV) ] AUAS ATSTY g aso 00

EPJC 74 (2014) 3109

169.50 *330 0 GeV

ATLAS tt+j shape, 7 TeV +2.28
JHEP 10 (2015) 121 —@— 173.70 2.11GeV

CMS o(tt), 7+8 TeV 173.80 +1.70 v
arXiv:1603.02303 (2016) —@— 1738077 4 g Ge

CMS tt+j shape, 8 TeV +4.52
TOP-13-006 (2016) ¢ 169.90 777 5,66 GeV

World combination +0.76
ATLAS, CDF, CMS, DO @ 1733477 g 76 GeV
arXiv:1403.4427, standard measurements

180
m, [GeV]

|
150 160 170

Pole mass measurements

170 171 172 173 174 175 176 177 178 ° , ndum:Tcally consistent with t
n‘]t [GeV] standard top mass measurements
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ot. 0s and PDF

g 0.24 ;_ CMS incl. jets : ag(M ) = 0.1185'2%°% _;
6(/) 55 - . oMS R z 0.0042 ]
PLB 728(2013) 496 0 - CMS i cross section 1 m
0.2® CMS inclusive jets - E
( _|_O 0033 ) 0 185 CMS 3-Jet mass from E (3
— ' F TTeV)1 &
o 1 @
for fixed mip= 173.2 + 1.4 GeV and NNPDF2.3 014 El=
. J 012F =
0.1 f— » DO inclusive jets —
C o DO angular correlation ]
0.08- o H1 -
» 0.06 :_ I ZEUS _:
= Competitive measurement of as g I - - 62 Is 0
1 10
10 Q (GeV)
= Demonstrated constraint of gluon density
at high x 15 NNLO 14 parameter fit
% ) I HERAIDIS + CMS W + LHC+CDF tt
_ . g’ " B2 HERAIDIS + CMS W -
= Run-II: Aim to constrain quark masses, #1.25 - [] HERAIDIS -
. m 'U
as, and PDF simultaneously 5 =
1 s
o
0.75 |- &
Differential measurements and ' Q2=100 GeV?
calculations at NNLO are available I - D'ﬁ +W * tt/ D"S +W‘ N
0.5 L1 11 L1 11 L1 11 L1 11 L1 11 L1 11 L1 11 L1 11 L1 11 |

01 02 03 04 05 06 07 08 09 1
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Run-Il Single-top quark ’
. . 231" (13 TeV)
= First cross section measurements eDaiz
= 1u+2jets +1b-tag e Wjers
g ]
= Neural Net Pt
= bg from control regions (3j1b, 3j0b
9 gions (31D, 3j0b) AC/O=~15%
Ot(13TeV) = 228 £ stat £ 14exp £ 28theo £ Grumi Pb St
) . 1 -08-06-04-02 0 02 04 06 08 1
= Constraints on u- and d-quark ratio d u MVA output
CMS Preliminary 23fb" (13 TeV) p'
1 1 1 I 1 T 1 I T 1 1 | Ll 1 : I 1 T 1 I 1
CMS-TOP-16-003 1.75 + 0.16_18tat) +0.21 (syst) V
. : 23107 (13 TeV)
CTiow -— b iminary mtohamnel ]
CT10 " : g b ! = %/tzv-\ll-jets
: \ [1QCD (DD) ]
: L Al Ny Post-fit unc.
CTEQ6M 0 A\ ]
MSTWO08 N =4 -
HERAPDF 1.5 NLO —E
NNPDF 2.1 N =4 -
1 — '1.12' ' 11.I4' ‘ |1.|6 — 1.I8 — 2| ' 1 -08-06-04-02 0 02 04 06 08 1

R — O_(t)/o_&) MVA output

wﬂﬂ(“' Andreas B. Meyer Top Quark Physics with CMS at Run-|l Wine and Cheese, 3 June 2016
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Differential Single-Top Measurements

1o CMS Preliminary 2.3fb™ (13 TeV) o CMSPreliminary 2307 (13 Tg\{)
qé@ 115 | : DI\ellltéj;@NLO (4FS) A E’ 1-1; | | : D;\?I?)@NLOL4FS) 3
= 10F T Pytnias : > g G Pythia8 :
= Run-ll Early Analyses: Very first £ o —Fowheg 4FS) 4 2 oot — Pouneg (4FS) 3
dff . | t | bl o G i aMC@NLO (5FS) 1 3 o8- e aMC@NLO (5FS)
ifterential measurement available 5 7 g e X o7t L GPynias e
F + Herwig E > 0.6¢ + Herwig E
5 5 i o5 T
. = 4F | S 0.4f
= Most properties measurements ab 1 | S S ]
: : : 2F ] 0.2F E
rely on precise differential cross i x ] ot o
sections o 00 200 300 R 05 T 15 2
pr (t+f) (GeV) lyl (t+f) (GeV)
JHEP 04 (2016) 073
= Example from Run-I: Single-top _ CmMs  uejetst+l 19707 (BTeV)
T 2jets 1tag, 19.7 ™! (8 TeV) f=a | + Pvthi =
quark polarisation 5 0 — B . romeetrmmes
. > 5 E —C HEP + Pythia6
= V-A: expect top quarks to be highly ~ £ 10 M cchamel S 08 Uoceadate 1
polarised: Apte0 = 0.44 G ooy me 5 07 Isa E
_ o 400 B W/z/dibosc o 06 : * E
= Possible depolarisation due to BSM o I Multjet > 05/ L 1 :
04 =
(i) 1.(2) E Y Total syst. 0_3; # :+: {- é
R 1.0 NN i —
Ap=0.26 £ 0.03stat £ 0.10syst | & o* . hy E
1.0 0.5 0.0 0.5 1.0 i E
coso;; o) I N N N N N N N
-1 -08 -06 -04 -02 0 02 04 06 08 1

Unfolded coso;;

A whole program of detailed studies (differential distributions, mass, properties, couplings) lies ahead
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Single-Top Quark Cross Sections LG

. ATLAS+CMS PreliminaryLHCTIOPWG = A1ias tchannel ]

. . PRD90(2014) 112006, ATLAS-CONF-2014-007,
~ Single top-quark production ATLAS-CONF-2015-079 7
~ ® CMS t-channel n
May 2016 JHEP12(2012) 035, JHEP06 (2014) 090,
o CMS-PAS-TOP-16-003 —

.+- O ATLAS Wt
— PLB716(2012) 142, JHEP01(2016) 064 -

O© CMS Wt
PRL110(2013) 022003, PRL112(2014) 231802

* LHC combination, Wt
ATLAS-CONF-2016-???, CMS-PAS-TOP-15-019 —

t-channel

ATLAS s-channel

] ATLAS-CONF-2011-118 95% C.L., _

PLB756 (2016) 228
¥ CMS s-channel
arXiv:1603.02555 95% C. L. —
x 748 TeV combined fit 95% C. L.

o

—
o
™
#
>

Inclusive cross-section [pb]

o
=

- == NNLO PLB736(2014) 58
Mye,= 172.5GeV, MSTW2008nnlo ]
scale uncertainty

=== NLO+NNLL PRD83(2011) 091503,
— PRD82(2010) 054018, PRD81(2010) 054028
M= 172.5 GeV, MSTW2008nnlo
Wi: tT contribution removed
scale @ PDF @ o, uncertainty

o]
~

~ s-channel
-
—— NLO NPPS205(2010) 10, CPC191(2015) 74
Mygp=172.5GeV, p_=u_=my,,

+ CT10nlo, MSTW2008nlo, NNPDF2.3nlo
w B Wi: p: veto for tf removal=60 GeV

and uF=65 GeV
I~ - scale uncertainty —

a; scale ® PDF ® a4 uncertainty

o

[e10} Jeis

All exp. results are w.r.t. m = 172.5GeV

Vs [TeV]
Andreas B. Meyer Top Quark Physics with CMS at Run-|l Wine and Cheese, 3 June 2016 30
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Vio

= Vpenters in production
and decay — 0 o [Vip|?

Andreas B. Meyer

LHCtopWG

ATLAS+CMS Preliminary

Omeas

If . Vel = o, from single top quark production
theo
Oieo: NLO+NNLL MSTW2008nnio
PRD83 (2011) 091503, PRD82 (2010) 054018,
PRD81 (2010) 054028
Ao, :scale ® PDF

theo*

My, = 172.5 GeV

LHCtopWG

t-channel:
ATLAS 7 TeV'
PRD 90 (2014) 112006 (4.59 fo™")

ATLAS 8 TeV
ATLAS-CONF-2014-007 (20.3 fb™)

CMS 7 TeV
JHEP 12 (2012) 035 (1.17-1.56 fb™")

CMS 8 TeV
JHEP 06 (2014) 090 (19.7 fb™")

CMS combined 748 TeV
JHEP 06 (2014) 090

CMS 13 TeV
CMS-PAS-TOP-16-003 (2.3 fb™")

ATLAS 13 TeV
ATLAS-CONF-2015-079 (3.2fb™")

Wit:
ATLAS 7 TeV I A

PLB 716 (2012) 142-159 (2.05 fo™")

CMS 7 TeV
PRL 110 (2013) 022003 (4.9 fb™")

ATLAS 8 TeV (%)
ATLAS-CONF-2013-100 (20.3 fb™")

CMS 8 TeV'

PRL 112 (2014) 231802 (12.2b™")
LHC combined 8 TeV'*
ATLAS-CONF-2016-77,
CMS-PAS-TOP-15-019

s-channel:
ATLAS 8 TeV? I ——t

PLB 756 (2016) 228 (20.3fb™")

May 2016

| e |
total theo

If V! = (meas) = (theo)

1.02 + 0.06 = 0.02

0.97 £ 0.09 £ 0.02

1.020 + 0.046 = 0.017

0.979 +0.045 = 0.0

Run-l: 8V, = 4%
p—

Run-ll: 8Vi, = 7%

|

0.998 = 0.038 = 0.0

——

1.02 = 0.07 = 0.02

1.03 £ 0.11+0.02

e

1037015+ 0.03

+0.16 +0.03
1.01 -0.13 -0.04

1.10 £ 0.12 £ 0.03
1.03 £ 0.12 £ 0.04

1.02 = 0.08 = 0.04

0.93 * 325+ 0.04

Wt:
ATLAS 8 TeV'
JHEP 01 (2016) 064 (20.3fb™")

(*) Superseded by results shown below the line
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1

! including top-quark mass uncertainty
including beam energy uncertainty

1.01+0.10 £ 0.03

0.4 0.6 0.8 1

1.4

1.6 1.8
Cheese, 3 June 2016
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Vip and FCNC

PLB 736 (2014) 33

Vio

b

Vin from branching fraction

C
(< 3 L T LI T ‘ T LI ‘ T T T ‘ LI T ‘ T LI ‘ T LI ‘ LI \/4;
n T T T T ] B
(@)) : = 30000} E :
(_ID o5l I_?>j25000— —o—I—._ — // e
' j 20000} 3 /
K 15000 3 / .
2 j\\ 10000F® . / N
- \ 5000 ] / 7
i .:—:‘ 1 1 1 E /;:: i
15 \ 05 Tz s & /¢ _]
L \ b-tagged jet multiplicity / _
i \\ = combined / :
1= \ --------- ee _]
B % — = i
i X, ou i
- P ]
| 1 I 1 1 ‘ 1 1 ‘ MH.-L—.‘ S 4 | 1 ‘ 1 1 ‘ 1 1 I

094 096 098 1

1.02 1.04 1.06 1.08
R=B(t— Wb)/B(t— Wq)
From top quark decays

assuming CKM unitarity: Vi,> 0.972 at 95%CL

Andreas B. Meyer

W+ c,u

b,s,d
vlZ

FCNC

c 1F 5 ;
103 " ——
105 PP PP S
10_7;"l+lllllll+lllw E _ uu%.u
10_9:_ . : ..llillll .
101
0P
= ; : ——
10‘17__ | | | | |
t-gu t—gc t—yu t—yc t—-Hu t—Hc t—=Z2q

u,c

Zy,gH

B ATLAS
H CMS

= S\

Warped
Extra Dimensions

s 2HDM (FV)

m=m 2HDM (FC)
MSSM

(1 TeV Squarks)
R Parity
violating MSSM
predictions from
arXiv:1311.2028

Many FCNC results available, closing in on some BSM models,
statistics limited — expect significant improvements in Run-II

Top Quark Physics with CMS at Rur-ll

Wine and Cheese, 3 June 2016
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Diff il ¢ : R AT
iferential tt Cross Sections j e g
g PEES) £
= Measure top quark kinematic distributions J Fonavamrnns e
= Scrutinize theory predictions and models .
= Acceptances, efficiencies L pr(lepton)
= Sensitivity to new physics e S b (GeV]
= Goal: simultaneously determine s Niets 1
Mtop, Os, PDF ° ’ " tGev]
= Main analysis ingredients: i
= Kinematic reconstruction I EPJC 73(2013) 2339
3 CMS, 5.0fbat\Vs =7 TeV 3 CMS, 5.0 fb"at\s =7 TeV
- 2-5%1‘0\““\“”\””\HH\H > x‘1‘0“\““\‘“‘\‘”w”wmwmwm
S' E e/u + Jets Combined i East?gnal E E; Dilepton Combined a ft:)ast%nal
‘g:f) 2l = gfjg}gr 13 = tStinoélr:ee%op
S i B W+dets ] 2 I W-+Jets
o [ QCD Multijet | < = %;z* : :e/
§- 1.5/ Eg'iggfo?p - S [ Diboson
i ] Ei 1 QCD Multijet
i ) pritop)
= Unfolding for comparison with o5t
fixed order calculations o

50 100 150 200 250 300 350 400
y! p. [GeV]
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Differential distributions: pt(top)

Adiscovery at Run

— ————

Eur, Phys. J. C 75 (2015) 542

CMS, 19.7fb"at s =8 TeV

10°
LI__] 8§ TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTT |_: —_ CIM$ - - T T T T T T T T I T T T T I T T |8-r|ev
> [ e/u+ Jets - Data : S 16 .
) 7E MadGraph+Pythia6 — g Parton level s
S : --- MC@NLO+Herwigé : = - = lepton+jets :
ol 6F - - - Powheg+Pythia6 > 14 : —
3 _8— sb — - Powheg+Herwig6 a TR 4 dilepton s
T I I Approx. NNLO + B e all-jets i
—|o 4E (Phys.Part.Nucl. 45 (2014) 714) ] c 190/ _]
: 1 o : — linear fit -
3k Lo © - ]
of o e e 7]
: Y i i
; = o8 -
160 ~ - i
CU -

g o 1.4 S 0.6__ N
8|z 12 ) B ( X ) ]
= ; g [ r=-0.102{ =——L— )+1.14 i
s F E 0.4+ 100 GeV |
B . 1 L I 1 I I L L . Co o e T

0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500

pi(top) [GeV!

Measurements in dilepton, Hjets

Eur, Phys. J. C 76 (2016) 128

Leading top P, (GeV)

and all-jet final states

NLO calculations and most MC do not describe pt-spectrum, all other distributions look good

T 6%)  AndreasB. Meyer Top Quark Physics with CMS at Rur| Wine and Cheese, 3 June 2016
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Differential tt at full NNLO oo

% 0.005: ATLAS+CMS Preliminary LHCtOpWG /s =8 TeV, Nov 2015 —:
O] I~ ] = -1 7]
Czakon, Mitov, Heymes, PRL 116, 082003 (2016) = b1 5% :
: E 0.004— * CMS,L=19.71b" —
7 Czakon, Heymes, Mitov (2015) NNT.O —— E : arXiv:1505.04480 :
i oo b m e R R
b 0.003— —
— 6 I —
cvlw LO ==ssu=s ; | _
% s - CMS(1+3) *—— 0.002]~ -
> I —
S . n ; 1
S 4 ¢ 0.001— —
S - m(tt) -
H PP— tt+X - * | IR
G 3 m=173.3 GeV - - =]
g = o MSTW2008 g,1-5_.Igachiﬂsa‘sat;.gs;sta.hnac.ﬁHH}HH}HH}H:.
s, up g/mE€{0.5,1,2} 2| [ [0 ATLAS stat. ® syst. unc.
— Pz C
~ w tto n E -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
! pi(top) 81 957400 500 600 700 800 900 10001100
. S me [GeV]
1.3 Tt b e e e T e
e T = k-factor between NNLO and NLO depending on
N e e R B ey S pt(top), but not on other observables, m(tt), y(t)
N L D — | :
8 g ke - . ! I = One of the unexpected features of SM physics
. L . .
discovered in Run-1
0 50 100

200 250 300 350 400 = Data in use for PDF fits

CMS and ATLAS data well described by NNLO
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Run-Il Early Analyses: the first 42 pb™!

TOP-15-005 -1 TOP-15010

—_— X1V 42 pb (1 3 Tev) X1 O'3 CMS Prellmlnary 42 pb- \IV 1G5V
‘I_> 9 CMS I+iets |1I__| 85| ||.| I TTTT I TTT II LI II TTT I TTT II LI II T II:
) 8 & Preliminary —e— data > 7 Dilepton Data E
g,\ 7 % 2{; ©stat QS 6F T Powheg+Pythia8 -
o} = 6 - -- Powheg Pythia8 oo 5_ s --- Powheg+Herwig++
© Q_'_ i — Powhe Herwig.H. Ol o s :{ --- aMC@NLO+Pythia8 3
T 5 — aMC@NLO \alle) ) Saltuctiniilt I BRSPS MadGraph+Pythia8

~—|O —_— [
I 4 i Madgraph af E
3E oF T | -
2 _+_. 1k 3
1E- S T N N N RN
g 1.4 S8 s ;
8 = 1.2 <o 1 ]
2lo 1 — e e e e . e = [ .
- 0.8 05 3
0.6 . , , , , , , , , C . : : : - : s -
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400

ptitop) [GeV] pt(top) [GeV]

Very first results were made public in September 2015: still statistics limited
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Run-Il Early Analyses: the full 2015 dataset

TOP-16-008 . TOP-16-011
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See same pt(top) trend as in Run-|

Full 2015 statistics: already running up against systematics wall
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Run-Il Early Analyses: tt+jets

= {t+ets is dominant background in many new-physics searches and in ttH
= |nvestigate MC description of radiation
= CMS 2015 default: NLO+parton shower (Pythia8) using Monash-based tune CUETP8M1
TOP-16-008 23 fp" (13 TeV) CMS Preliminary 2.2fb TOP'16'0,11
4 2] I I I I I 3
o2 - grt’,% o I+jets particle EI g?;""@ stat 3= - Dilepton o> 30 GeV, i <2.4
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additional jets

Current generation of NLO+PS MC predicts too much gluon radiation

Andreas B. Meyer
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Run-Il Early Analyses: UE and tuning of as(ISR)

‘ [ 5 = Charged particle multiplicities in different event hemispheres — UE

TOP-15017 2.21b" (13 TeV)
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Charged particle spectra prefer
scale-up variation, i.e. lower 0s

.~ = Use Run-l and Run-II data to tune basic PS parameters - here: as(ISR)
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Improved description for both Run-l and Run-II:
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Boosted Regime: tt cross sections R

partially merged,
boosted W

un-merged

fully merged

for AR~1.0

< 200 GeV

> Pt
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pt(top) trend continues to high pt Run-ll: enhanced cross sections in boosted regime
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http://arxiv.org/abs/1605.00116

Boosted Regime: Z'—tt search s 6

stop pair (0.7 TeV) :
gluino pair (1.5 TeV)

elutiets, 1t tag 2.6 (13 TeV) , CMS Preliminary 2.6 fb’ (13 TeV)
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ttZ and ttW

= Kinematic reconstruction followed by MVA
Profile likelihood fit to extract signal strength

= Also in paper: first constraints on ttZ
couplings and several dim-6 operations
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http://arxiv.org/abs/1510.01131

Run-Il Early Analyses: tt+Z rpana

= {tZ cross section ~4 times higher than at 8 TeV
= Count 3- and 4-lepton events in eight categories of jets and b-jets

CMS Preliminary 2.7 fb” (13 TeV) CMS Preliminary 2.7 b (13 TeV)
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Otz (13 Tev) = 1065 +352-313stat +168-1425yst fb
Significance = 3.6 (3.1) o obs (exp.)
Signal strength = 1.27 £ 0.4stat £ 0.2syst
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tt+Higgs

Break up top-quark loop — measure Y:directly

CMS Runl (5 770V, 5051 o . SHEP09(2014)087 .
VY — i
bb [— ——
. ttH (NLO)
al —m 7 TeV 89 b
al |- - 8 TeV 133 fb : x3.8
. 13 TeV 507 fb

Same-Sign 2| — ——
Combination — —l—

Best fit o/og,, at m,, = 125.6 GeV
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HIG-15-005

Run-II Early Analyses: tt+Higgs o0

HIG-16-004
H—multileptons H— vy H—bb
= 20(ss) or 3t + > 2jets (1b-tag) = Background low, clear mass peak = dominant background from ttbb
= MVAin categories, = One category of H— yy analysis = combined matrix element
Separate trainings againstttand tV  «  Cyitical: calibration method and BDT
= Diboson bg from control regions
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A +14 A _ +4.5 A _ +1.8
luobs = 0'6—1.1 qubS _ 3'8—3.6 Iuobs _ _2'0—1.8

If ttH complies with SM expectation expect discovery very soon
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The Prese nt Run- and Run-ll cross sections
mpwevo CMS Prellmlnary

i 7 TeV CMS measurement (L < 5.0 fb )
: : : : : : : : i 8 TeV CMS measurement (L < 19.6 fb™
= § 13 TeV CMS measurement (L < 1.3 fb™)
Coor : — Theory prediction
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All results at: http://cern.ch/go/pN;j7 EW: Wby, Z—Il, I=e Th. Aoy, in exp. Ao
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The Future

LHC Run 2 expected luminosity
100

we will be here /

= Top quarks: QCD, electro-weak and New Physics
Run-Il Early Analyses: Many public results from CMS

= |n 100 fb' expect per experiment by 2018:
80m tt, 20m single top, 80k ttZ and 80k tZq events

= Statistics — systematics and reach

= Further substantial progress in experiment and theory -
and maybe surprises
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Charm Mesons from Top Decays
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