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Top quark introduction

* Top is the heaviest fundamental particle discovered SO far
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http://arxiv.org/abs/1403.4427
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Top quark introduction

» Strong interaction: Top pairs

LHC (7/8 TeV):
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Top quark production e

s CMS 1* cross section measurement at 5 TeV in e dilepton
» Event counting
» Relative precision: do/o0 = 28%
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-015/index.html

Top quark production
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Top quark production

> New measurements at 2, 5 and 13 TeV — agreement with the SM

® Profile log-LH fit by DO:

*» Reduced uncertainties

s Optimized to extract
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.092004

Differential cross sections

° Run | & Run Il top pT measurements at ATLAS/CMS not described by

NLO and most MCs

» Data Is more soft: consistently seen in all decay channels, also at 13 TeV
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— The pT spectra are described by NNLO calculations
— First indications of a slope wrt NNLO in 13 TeV data, not yet significant
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Differential cross sections

» CMS: 13 TeV data shows less jets than MC
» Regime of the parton showers (PS)
> Already systematically limited, better
understanding of signal model needed

» Use 8 TeV dilepton channel results to tune

MC parameters, than check description in 8

TeV |+jets and in 13 TeV for both channels
» Improve high Njets phase space

s h
dam

.- control ME/PS matching

s Q1 O for initial state radiation
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https://cds.cern.ch/record/2140061/files/TOP-16-011-pas.pdf
https://cds.cern.ch/record/2141097/files/TOP-16-008-pas.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-12-042/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-021/index.html

Differential cross sections

s First 2D cross section measurement of this type at the LHC ~ CMS-TOP-14-013
» Dilepton ey channel — very good S/B
» Provide single & double differential cross sections
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https://arxiv.org/abs/1703.01630

Differential cross sections

CMS-TOP-14-013

° First 2D cross section measurement of this type at the LHC
» Dilepton ey channel — very good S/B
» Provide single & double differential cross sections

» 2D cross sections more sensitive to large x PDFs

» Constrain PDFs at large x
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» All-hadronic channel: Use reconstructed top mass to derive bg norm+shape
» Consistent picture in boosted and resolved phase space

» Parton level results receive larger systematic uncertainties

» CMS 13 TeV all-hadronic combined resolved and boosted analysis
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-013/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-013/index.html

BOOSted reg[me CMS-PAS-TOP-15-015
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with single jet R = 1.2
» Peak position of m.. sensitive to m
» Detailed understanding of jet substructure observable crucial for boosted topologies
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-015/index.html

Single top quark production

I
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» Test of EW interactions : 2.10£0.13
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Single top quark production

» CMS: First differential measurement of t-channel top production @13 TeV
» Muon-channel only employing a BDT discriminator and maximum likelihood fit
» Correct detector and measure parton level cross section for pT and y
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Vitb and FCNC

ATLAS+CMS Preliminary LHClopWG

IVl = \} =2 from single top quark production
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Vtb enters in production and decay: g ~ |Vtb|*
Flavor Changing Neutral Currents are
highly suppressed in SM -

Still above SM predictions but reached
sensitivity to certain BSM models

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS
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https://cds.cern.ch/record/2151074?ln=en

Ttbal’ + X W, Z’ Y CMS-PAS-TOP-16-017

» Associated production of W and Z in the SM (different mechanisms)
@ Observations at 8 TeV at ATLAS and CMS

13 TeV ATLAS & CMS: d 9 !
e Extract o employing binned profile LH fit ] t
» CMS includes 3 & 4 lepton final states y
@ Systematic unc's dominated by: —_—
Lepton ID, signal model
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A. Jung CMS Top quark results 17


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-017/index.html

Ttbal’ + X W, Z’ 2/ CMS-PAS-TOP-16-017

SM (NLO): o(ttZ) = 839 + 93 fb and o(ttW) = 601 + 55 fb

0(ttZ) = 0.70 % 0.16/0.15(stat.) + 0.14/0.12(syst.) pb
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O

o(ttW)= 0.98 + 0.23/0.22(stat.) + 0.22/0.18(syst.) p
Expected (observed) significance of 2.6 (3.9)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-017/index.html

Ttbar ~+ Ttbar CMS-TOP-PAG-16-016

SM (NLO): o(tt+tt) =9 fb a0 | 2.61b™ (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-016/index.html
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- Selection of results, focus on most recent and/or precise results
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Top quark spin

correlations

» Top quark spins expected to be

correlated in SM (short life time)

» Spin analyzing power of leptons is 1,
measure lepton distributions

» Powerful handle to search for BSM In
difficult phase space regions

» Spin correlation strength:

A (Npt +Nyy) — (Npy +Nyt)
(Npp +Nyp)+ (Npy +Nyyp)

tt
NSM

tt Spin Correlation Measurements Summary May 2016
Standard Modegl =aeeaas
oy, £(stat) £(syst)

CMS, dilepton

PRL 112 {2014) 182001,

E=7 TeV,L =51b" J.02 +£0.10 £ 0.22
=0TV b= T 1

ATLAS, e/u+jets

PROD 90 {2014} 112016,

i ' i 1.12 + 0.11+ 0.22
{5=7TeV,L =461 i . 1

ATLAS, dilepton

PROD 90 (2014} 112016,

D 00t 1201 1940095018

ATLAS, dilepton

PAL 114 {2015) 142001, : 1.20 + 0.05 + 0.13
§=BTeV,L =203 0" : |—|-'—_|—0|5

CMS, p+jets

PLE 758 (2016) 321, 0.72 £ 0.08 £0.15

= — — {5=8Tev,L =196 1
N ftStM + N lt.ltncor CcMms, dilepton
a8 Tov, L 218517 e 006201
meas SM :
Abasis _ Abasis ) f :
|||||||||||||||||||!|||||||||||
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

— A depends on basis, energy, production mechanism

_ SM Spin Correlation Fraction f
- frepresents degree of SC relative to the SM SM

A. Jung
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Top quark spin correlations

® Top quark spins expected to be correlated in SM

@ Reconstruction based on leptons — Dilepton decay channel, = 2 jets

@ Inclusive and differential measurements @ parton level by reg. Unfolding
» Dominated by: Unfolding & top p_ reweighting

> | Results agree with NLO QCD: Spins correlated!
-1
0.4_...|...l...,...|1.9:5.fb|(.8.-r‘?\’i)
. CMS ke Search for top chromomagnetic
L [ A\ 7 anomalous couplings using differential
035/ N (1i,)=—0.006 0.024 —~ cross section distribution
—  [—0.053<N(11,)<0.042 )
o I ] PRD 93, 052007 (2016)
| i ]
% 0.3 B —| CP-conserving dipole moment CP-violating dipole moment
E - Data i
- 8 Fit 1 Lo = — > to"*T1Gy,, — 51‘1’(5’“’}/5T"t‘G‘fj,U
o.2s5— T NLO SM (pﬂ= H= m) —
i — — NLO SM (p=p.=2m) - .
I NLO SM (11 =1 =my2) - Re(w) =-0.006 + 0.024 (tot.)
C | | l I R | I .

T T e ~0.053 < Re(u) < 0.042 at 95% CL
| — 0.068 < Re([) < 0.067 at 95% CL

|Ad

U
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP14005

W helicity PLB 762 (2016) 512

> \W helicity in SM: £ =0. 30 f =0. 704’ 198 10" (8ToY)
%mo.osi— CMS .68% CL
: 006 V =1,V =0 [ Jos% cL

1 @ @ °'°4§ Combined p+jets and e+jets * SM
» W helicity in top pair I+jets channel -

» CMS also measured W helicity in single top events **:

» Similar precision but orthogonal systematic N T T S |
uncertainties in single top channels S R
» Signal model & template statistics ol e . .:jfsqu (8TeV)
O u+jets
036 ® l+jets combined
* SM

"
-
-
-
-
LI9N
.
-~
~
-
-
-

0.34

Most accurate experimental determination ,.,

|III|III|III|III]III|

T|F = 0681+0012 (stat) £ 0.023 (syst) | .0 = oSm L
F, = 0.323 +0.008 (stat) = 0.014 (syst) m o __
F,= 0.004 + 0.005 (stat.) + 0.014 (syst.) L

Fo
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-13-008/index.html

Top quark width

CMS-PAS-TOP-16-019

» Requires 2 leptons (e,u) and at least 2 jets
(> O identified as b-jet)

» Direct bound on top quark decay width

s Likelihood approach using simulated MCs
for different decay widths

» MC's accurate to NLO in production and
LO in decay

» Missing order§12(§3 BSM physics can affect

= CMS Preliminary 12.9 o™ (13 TeV)

the eXtraCtlon g pT(lepton,jet)<100GeV

_b-tag ® Data Ow  Pti+v
[Multiboson ~ [[Jw [ ]DY

[t Bt-ch

Uses 172.5 GeV and
width of 1.324 GeV

||I|III||I||III|II|I|II|

0 50 100 150 200 250 300
Mass(lepton,jet) (Inclusive) [GeV]

n 1

@)

107"

102

12.9fb™ (13 TeV)

T T TTTT

T

CMS Preliminary

—&— Observed

Post-fit model (u profile)
Pre-fit model (u=1)

|IIII|IIII|IIII|IIII|IIII”‘rIIII|IIII

0.5 1 1.5 2 2.5 3 3.5 4
I [GeV]

0.6 </ <25GeV @95% CL
(expected 0.6 < < 2.4 GeV)
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Content

Top mass (difference)
Top width, Lifetime
Top Charge

b
{{ . . -” +
roduction cross sections /.-

Top kinematics
Production via resonance

@W particles

RN
Branching Ratios |V |

Anomalous couplings
Rare decays
y S

p

t+ W, Z \
|: ’ - ,' Spin Correlations

Production Asymmetries
4' \EW hehmtyj

Polarization
- Selection of results, focus on most recent and/or precise results
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Top quark mass

» First measurement at 13 TeV, y+jets decay
channel: CcMS-TOP-PAS-016-022
» Follows same strategy as the 8 TeV
measurement:

» 2D fit of m(top) vs. Jet energy scale factor

~PIM_ =172.62 £ 0.38 (stat+JSF) + 0.70 (syst) GeV

Data/MC Permutations /5 GeV

2400

2000
1800
1600
1400
1200
1000
800
600
400

2200

200"
1.50=

CMS Preliminary 2.2 (13 TeV)

F i tt correct ! ] Sinéle t
[ tt wrong I W+jets
[ ]tt unmatched B Z+jets
o Data 7 [ ] QCD multijet

Looa b bva b b b bewn Bvn Bea B |

6m /m - 0-46% 0.5 oo o T T
tot 100 200 300 400
: . mft [GeV]
* Top quark mass in single top Clug_wsk.  1e7m (8 Tev) 197 10" (3Tev)
prOdUCU()n CMS'TOP-PAG-15'OO1 3 7k CMS —| Werame E’,aoo_— CMS —_l"°"=""9'
s Blinded an aIySi S 2 o Preliminary —Bmih', 2500 Preliminary _Sm
L g sp 18 Ll i
g 4__ | Wz 1
» Employ m distribution 8 o e
“[m_=172.60 + 0.77(stat) ye 1

+0.97/0.93(syst.) GeV | T w0 o

350

400

m,,, (GeV)

5m/m = 0.71%

data/MC

2
1.5
1
5

0.

?00 150 200 250 300
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-022/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-001/index.html

Top quark mass CMS-PAS-TOP-15-012

» Direct measurements combined using BLUE — consistent among methods/channels
L LateSt CMS COmbIﬂathn, 6mt/mt - 028% b-jet energy peak .__%._. 172.20 £ 1.17 + 2.66 GeV

TOP-15-002 (2015)

mtop = 172_44 + 0.48 Gev Lepton+SecVix \\.{._‘ 173.68 + 0.20 +158 | - GeV

PRD 93 (2016) 092006

Non-legac Dilepton kinematics ., 171.70 + 1.10 +2-68 GeV
gacy —Q— 172.60 + 0.21+ 0.70 GeV TOP-16.002 (2016) .3.09 Ge
) Single top enriched Lal, 172.60 + 0.77 +0-97 093 GeV
Unique non-legacy —— 172.60 + 0.21+ 0.70 GeV TOP-15-001 (2016) :
MTQ/MAOS observables 172.22 + 0.16 +0.88 0.92 GeV
] ] TOP-15-008 (2016) :
Alternative techniques —— 172.59 + 0.21 + 0.72 GeV
Lepton+J/¥ @ 173.50 + 3.00 + 0.90 GeV
TOP-15-014 (2016) R
Alt. techniques (8 TeV onl
ques ( V) —@— 172.43 + 0.21+ 0.73 GeV Kinematic endpoints 78,90 090 170 Gey
- D00, -2.10
EPJC 73 (2013) 2494
Legacy ® 172.44 + 0.13 + 0.47 GeV b hadron lifetime — 173.50 + 1.50 + 2.91 GeV
PRD 93 (2016) 072004 TOP-12-030 (2013)
Dilepton M +1.24
Legacy + Alt. techniques N 172.43 + 0.11 + 0.46 GeV TOP—F:4—014 B014) k 17230 £0.32 -1.29 GV
BEST backgrounds NG 172.61+ 0.57 + 0.90 GeV
TOP-15-011 (2015)
| | l | | 1 | | 1 | I 1 I | | | | I | |
165 170 175 180

CMS alternative comb.
m, [GeV] TOP-15-012 (2016)

» World combination, dm/m = 0.44% PAD 5 (2016) 072004
mtop = 174.34 + 0.76 Gev CMS Run | + Alt. techniques

TOP-15-012 (2016)

172.58 £ 0.21+ 0.72 GeV

172.44 £ 0.13 £ 0.47 GeV

172.43 £ 0.13 £ 0.46 GeV

W, 1. 2. %4

» Final DO combination, 6m/mt =0.43% 160 170 180 90
m, =174.95+0.75 GeV [arXiv:1703.06994] ™ [GeV]

op
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https://arxiv.org/abs/1703.06994
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-012/index.html

Top quark mass

CMS [arXiv:1603.02303]

» Extraction from production cross section
not (yet) competitive with direct

measurements — but getting closer

» CMS precision at 1%; ATLAS: 1.45%

@ DO precision (best at Tevatron): ~ 1.9%

» With ~5% theory uncertainty and ~2% exp

— can reach 0.5% on pole mass

Top-quark pole mass measurements

May 2016

DO ott), 1.96 TeV

167.50 *520 , 0 GeV

PLB 703 (2011) 422
MSTWO08 approx. NNLO
DO o(tt), 1.96 TeV
DO Note 6453-CONF (2015)
MSTWO08 NNLO

DO o(tt), 1.96 TeV

arXiv:1605.06168 (2016)
MSTWO08 NNLO

ATLAS oftt), 7+8 TeV
EPJC 74 (2014) 3109

ATLAS tt+j shape, 7 TeV
JHEP 10 (2015) 121

CMS oftt), 7+8 TeV
arXiv:1603.02303 (2016)

CMS tt+j shape, 8 TeV
TOP-13-006 (2016)

—

-

<._. 172.80 +340 _ . GeV
/
— |

E 172.90 +250 , . GeV
Iy

C_._. 173.80 *170 o GeV

l—.—!

169.50 330 , , Gev

VAV

—@— 173.70 ¥228 , . GeV

169.90 *452 .- GeV

= 260 __ ----------- arAlv: . , Slandard measurements
b ; __________ I | | | | | | | | | | | | | | | | |
D40 . 150 160 170 180
250 - 19.7 10 (8 TeV) m, [GeV]
E ’-g\_ 12k D0 9.7 fb™
2 00 - 04 ;;: E ¢ Measured o(pp— tt+X)
100 X\ — Measured dependence of &
180k op N — o
e - - - - - 0.2 N e i P S
170 171 172 173 174 175 176 177 178 ° Phys. Rev. D 94 092604 (2016)
m, [GeV] 160 170 180 190
Top quark pole mass (GeV)
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http://arxiv.org/abs/1603.02303
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.092004

- EW vacuum stability

» Very subjective but illustrative, combined
latest results from CMS and DO

» Assumes SM to be true

M=174.34%0.64 GeV

12? -l | | | | | | I | | | | | |
: 2 SD
126.5 - A—-S-D,.\
> 126 - ’41
) L I :
O 1255 F \
3 3 - __,
= 15 E ~- ~--
1245 E | 3
= [arXiv:1411.1923] 3
124 2 T | ' | 2 r c s gl s s sl s s
0.91 0.92 0.93 0.94
yi(H=173.2 GeV)
Caveat:

Top pole mass M, in GeV

180

[a—
~]
o0

TV MR
A
"\
LY \ “\
\“ \ “

176

e

T T R | T T T

'rMost recent com,blnatons s ]
] Instablllty i st 10"
. : s
- e 10_
'— ~ 10"
|- : 'y~0.96,' Pl
, . Nl

: : 00y
Inﬂatlon Instab111ty1 0 13
(H 10" GeV)

e 1{}16
174 - By -
e o
TLAS
ointeshifted
L ]019 _
ok [=7 "10!8  Modified from original |
Q'r;i >~ by Degrassi etal.  seability -
L ]

168

e S s N O S s O R, B e
120 122 124 126 128 130 132

Higgs pole mass M), in GeV

» Direct methods e.g. template, matrix element, likelihood, ideogram measure
the “MC” mass, lots of effort to “calibrate” the “MC” mass

» Estimates: O(0.5 GeV) difference to pole mass

PRL 117, 232001 (2016)
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http://arxiv.org/abs/1411.1923
https://arxiv.org/abs/1608.01318

Conclusions

» Large data sets allow to constrain PDFs, understand signal modeling
» High precision top quark property measurements, also
accessible now in single top quark production (t-channel)
» Single top now differential — opening up a new realm
» Results on Asymmetry are not yet completely conclusive...

Evidence for associated production of W, Z, y

- No significant deviations seen from SM expectations at LHC Run |
or early Run Il results

Only small limited selection of results shown, more information:

Thank you!
CMS Top Web pages
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

Outlook

Run Il just started! )
— We will get about 80 million tt events
— Allows for multi-dimensional & simultaneous measurements

of o, o, PDFs and properties as well — ultra precision results

via measurements @ parton level & fiducial particle level
— FCNCs and other statistically limited processes will 200/
significantly improve!

2
£ 6000

00000
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CMS . Accepted by JHEP
Top quark: FCNC S,
» Search in single top production (t-channel)
» Combine 7 and 8 TeV data
» MVA technique to: suppress QCD, separate signhal & bg, search for Wtb
couplings & FCNC interactions

» Systematic uncertainties dominated by: Background normalization

x10° 19.7 b (8 TeV)

[ ¢ Data
8: v CMS tug
i ---tcg 5.0 fo' (7 TeV) + 19.7 fo'' (8 TeV)
K channel % 0.012;— CMS E} 2: gt ZE::::EZ
[ s channel 2 ooif

[ ]tW
it

I W+light
S ||l W+c
& E Bl W+QQ 002
1|E W+QX (UE) 0p 0.005 0.01 0.015 0.05 0035 0,05 0:035 0,04

- - Dibosons
00 02 04 06 08 10=DreII-Yan Kicgl/A (TeV7)

tug FCNC BNN ] Multijet

Events/0.02

.......... 95% CL expected
—— 68% CL expected

1 | |

Data-MC
MC

(Limits on left & right vector and tensor couplings via link top right)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-14-007/index.html

~ Top quark mass
; 80-5 B T T T T I T T T T I T T T T I T T T I T T T _,l’ I T T T T | 180' S e I = .
(7] - [} 68% and 95% CL fit contours | mi" Tevatron  average . . 10’ . ]
O, B w/o M,, and m, measurements < b _ Instability .- . 107
= 80.45 |— 6% and 95% CL fit contours — 17eg ; 1)
| w/o M,,, m and M, measurements _ r o
B k > A 10']
= world average + 1 28 - ¥ 176 1 : 100
80.4 M 9 ° / = - g - Inﬂatmn Instab111ty1013
RO S o] N : (HI 10 GeV)
[ ] - e ) 1{)'“6
@ 174 - ) i
- - E L o L . = ¥
80.35 — —] o - Meta—stability- -~ | |1} P,
— - H [
80.3 [ — W j
- - 170 ST s Degrassi et al.
B 6,\ ] L Stability 1
80.25 — K3 : — ; ]
| p: , 2 g _ 169 O O, O O S S 0
N o8 ¥ il | G Ifltter; _ 120 122 124 126 128 130 132
140 150 160 170 180 190 200 HipgupolemmassiMyinGey
m, [GeV] More on EW stability: K. Mukaida

» Self-consistency test of the SM & stability of the EW vacuum both rely/use
pole mass — what we measure depends on the method

» Indirect extraction from e.g. cross section, end point, J/psi method
- top quark pole mass

» Direct methods e.g. template, matrix element, likelihood, ideogram
- “MC” mass, close to pole mass

A. Jung
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Top quark mass

» Direct measurements

. : ATLAS+CMS Preliminary LHC top WG m,, summary, (s = 7-8 TeV Aug 2016
combined using BLUE World Comb. Mar 2014, 7
. . stat [ : ' |
» Takes correlations into total uncertainty total stat
My, = 173.34 = 0.76 (0.36 = 0.67) ?EV Myp + lofal (stat = syst) s Ref
acCcou nt ATLAS, I+jets (%) ——— 17231+ 155 (0.75 = 1.35) 7 TeV [1]
. . ATLAS, dilepton (%) I—|—-—|—I 173.09 = 1.63 (0.64 = 1.50) 7TeV 2]
? LateSt AT LAS com bl n atl on CMS, I+jets = 173.49 = 1.06 (0.43 = 0.97) 7 TeV 3]
ﬂ 1ol 0 (|) CMS, dilepton I—l—-—l—-—l 172.50 = 1.52 (0.43 = 1.46) 7TeV [4]
Pr_eCISlon Of 04 /0 . CMS, all jets ——— 173.49 = 1.41 (0.69 = 1.23) 7 TeV [5]
- + LHC comb. (Sep 2013) |—H—|—| 173.29 = 0.95 (0.35 = 0.88) 7 TeV [6]
mtOP 172 '84 - 0'7 0 Gev World comb. (Mar 2014) (e o | 173.34 = 0.76 (0.36 = 0.67) 1967 TeV [7]
ATLAS, l+jets i 172.33 = 1.27 (0.75 = 1.02) 7 TeV [8]
. . ATLAS, dilepton —— 173.79 = 1.41 (0.54 = 1.30) 7Tev [8]
e Latest CMS combination ATLAS, all jets ———— 1 175121814212 7Tev [9)
. . ATLAS, single top [ == | 172221 (07 +20) 8 TeV [10]
ot PreC|S|On Of O 3% (') ATLAS, dilepton === 172.99 + 0.85 (0.41+ 0.74) 8 TeV [11]
_ ATLAS, all jets H=— 173.80 = 1.15 (0.55 = 1.01) 8 TeV [12]
mtop - 172-44 + 048 Gev ATLAS comb. -‘:j!g:szg:f H—H 172.84 = 0.70 (0.34 = 0.61) 748 TeV [11]
CMS, I+jets | 172.35 + 0.51 (0.16 = 0.48) 8 TeV [13]
CMS, dilepton [+ 172.82 + 1.23 (0.19 = 1.22) 8 TeV [13]
a W0r| d average CMS, all jets o i 172.32 = 0.64 (0.25 = 0.59) 8 TeV [13]
Lo CMS, single top — 172.60 = 1.22 (0.77 = 0.95) 8 TeV [14]
L Pl’eC|S|On Of 04% (') CMS comb. (Sep 2015) H £ 172.44 + 0.48 (0.13 = 0.47) 748 TeV [13]
: [1] ATLAS-CONF-2013-048 [6] ATLAS-CONF-2013-102 [11] arXiv:1608.02178
m =1 . + 0. 6 G eV ") S it B Pl £ o000 20 oAl
top = 1/74:34 / shown boow e e Meshwiiioenme  Mamminsmd  pacaesmee
L |

» Final DO combination
» Precision of 0.4% (!)

| | | | | | E|
165 170 175

180

m,,, [GeV]

| | |
185

M = 174.95+0.76 GeV DO note 6485 PRD 93 (2016) 072004

top
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https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T110/
http://dx.doi.org/10.1103/PhysRevD.93.072004

Top quark asymmetries

ATLAS+CMS Preliminary ~ LHCIOpWG ~ \s=7TeV Sept 2015 ATLAS+CMS Preliminary LHCIOPWG \s=8TeV Sept 2015
T
total stat

tt asymmetry A *(stat) +(syst) tt asymmetry L H CTO pWG

ATLAS l+jets f—o— 0.006 £ 0.010 £ 0.005

JHEP 1402 (2014) 107

CMS lijets H—e—H 0.004 +0.010 £ 0.011 ATLAS l+jets 0.009 + 0.004 + 0.005
arXiv:1509.02358

ATLAS+CMS l+jets H—=—i 0.005 +0.007 + 0.006

Preliminary .

ATLAS dilepton i 0.021+ 0.025 + 0.017 CI\/IS [+jets template 0.003 + 0.003 + 0.003

JHEP 05 (2015) 061 - - arXiv:1508.03862

ﬁﬁﬂig'('g?},?g o -0.010 + 0.017 £ 0.008 CMS l+jets 0.001+ 0.007 + 0.004
arXiv:1507.03119

lepton asymmetry

ATLAS dilepton H—o—H 0.024 +0.015 £ 0.009 ATLAS I+jets boosted 0.043 * 0'0.19 * 0.026

JHEP 05 (2015) 061 (M S 075 TeV && |A |y|| < 2) L T 1

CMS dilepton H—e—H 0.009 £ 0.010 £ 0.006 ATLtAS-CONF-2015-048

JHEP 1404 (2014) 191

I | I | I
-0.1 0 0.1 -0.05 0.05
Ac Ac

Summary of the current Situation:

» Experiment: Dominated by stats & signal model dominates systematic unc's

» Theory: Need QCD predictions at NNLO

—P>

 All measurements are (so far) in agreement with SM

e At 13 TeV and new methods: expect to observe SM asymmetries
* Larger gg fraction reduces them - improved methods, e.g.

[arxiv:1309.2889]
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http://arxiv.org/abs/1309.2889
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG

Single top quark — summary

» Decay channels:

q
W
b
g
b
r
g
q
W+
ar

L=l

o

Inclusive cross-section [pb]

=i
o
N

10

- ATLAS+CMS Preliminary LHClopWG

~ Single top-quark production
| November 2016

ATLAS t-channel
FRO90(2014) 112006, paper in preparalion,
arXiv:1609.03920

CMS t-channel
JHEP12(2012)035, JHEPOS (2014) 090,
arXiv:1610.00678

ATLAS Wi

PLB716(2012) 142, JHEPO1 {2016) 064,
ATLAS-CONF-2016-065

CMS Wit

PRL110(2013)022003, PAL112(2014)231802

LHC combination, Wt

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,

PLB756(2016)228
CMS s-channel

arkiv.1603.02555 95% GL
7+8 TeV combined fit 95% CL

MMNLO PLE736(2014)58

scale uncertainty

- NLO +NMNLL PRDA3{2011) 091503,

FRO82(2010)054018. PRD&1(2010) 054028
Wit: i contribution removed
scale & PDF & o, uncertainty

MLO nPPS205(2010)10, CPC191(2015) T4
w=u= Miaps
CT10nln, METW2008nlo, NMPDF2_3rlo
W p? veto for tt removal =60 GeV'
and !.l'_=55CmEN
scale uncertainty

scale & PDF @ o, uncerlainly
Mip= 172.5GeV

13

/s [TeV]
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Differential cross sections

° Run | & Run Il top pT measurements at ATLAS/CMS not described by
NLO and most MCs
» Data is more soft: consistently seen in all decay channels

% 0'008:_ ATLAS+CMS Preliminary LHCIOPWG /5= 8 TeV, Nov2ois . CMS ——— EP'JC| 76 (29?§)|1|28| ___8Tev
— ; _: © - _
f‘%_ 0.007¢ o —— QAR I - _‘CE 1.6 | Parton level 7]
o — 1 1 ° 1 ] prwr] ~ H -
© 0.006 ' | 1508 gang. - > 4L . Ietpton+jets B
B - | —— NNLO (MSTW2008 PDF) = o= "L 4 dilepton i
© 0.005— ELE arXiv:1511.00549 ] + - o alljets i
o - . . approx. NNNLO (MSTW2008 PDF) o 1 2__ i o N
= - . PRD 90 (2014) 014006 _ o L — linear fi i
0'004;;'3*&' | == DiffTop approx. NNLO (cT10 PDF)] (3 P_‘|@O2’| I * -
- JHEP 01 (2015) 082 - o e | e A S .
0.003F- | N - §
- TIEL ] b - ]
0.002F | LHCTopWG 3 = 0.8 —
— | . ~ N ]
0.001— gy - oo 06F
- begermerreroton - © L i
> __HHHHHH'HH'HH'HH'H:i'HH__ = :r=-0-102'(L)+1.14 :
z 1.4+ Ii CMSstat@systunc ...... 9 L LI I 4 B E 0.4— 100 GeV ]
_GC.) O1 2:_ ......... - ATLAS S @ SYSL UG v evve e _: B N | L L 7
il CR | e —___ W 0 100 200 400 500
oz Leadlng top P, (GeV)
E IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
5l 6750100 150 200 250 300 350 400 Spectra are described by NNLO+NNLL

P [GeV] calculations
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~ Differential CI’OSS sections

Channel Quantities Int. Analysis
(TeV) Lum. [RIVET]
(fb~ 1) [Reference]
Teptonjets | pr(ty), [y(in)], pr(), [ | 1B | 23 A
pr(tt), [y(tt)], M(tt), Naga—; [CMS_2016_11434354]
[8]
dilepton N; >30, 60, 100 GeV 8 19.7 B
i, pl> [CMS_2015_11397174]
m(jf), AR(jj) [18]
bjl1 _ bj2
Pt /Pt

m(bb), AR(bD)

(Pr, P, Hr) vs
GEF(inclusive)
GFE(|n| < 0.8)

GF(0.8 < |y| < 1.5)
GF(1.5 < |y| < 2.4)

lepton+jets MET, Hr, St, p7 8 19.7 C
[CMS_2016.11473674]
[19]
lepton+jets ke, Yi, DL, vt 8 19.7 D
[CMS_2015_11388555]
[20]
lepton+jets N; >30 GeV 8 19.7 E
[21]
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Top quark mass

b-jet energy peak
TOP-15-002 (2015)

Lepton+SecVix
PRD 93 (2016) 092006

Dilepton kinematics
TOP-16-002 (2016)

Single top enriched
TOP-15-001 (2016)

M,/MAOS observables
TOP-15-008 (2016)

Lepton+J/¥
TOP-15-014 (2016)

Kinematic endpoints
EPJC 73 (2013) 2494

b hadron lifetime
TOP-12-030 (2013)

Dilepton M,,,
TOP-14-014 (2014)

BEST backgrounds
TOP-15-011 (2015)

CMS alternative comb.
TOP-15-012 (2016)

CMS Runll
PRD 93 (2016) 072004

__§_

CMS Run | + Alt. techniques

TOP-15-012 (2016)

N\

N
N

N

4%
!

172.29 £ 1.17 + 2.66 GeV
173.68 +0.20 *198 o0 Gev
171.70 £ 1.10 *268 , 0 Gev
172,60 £ 0.77 *0-97 o0 Gev
17222 +0.16 *0-88 | o) Gev
173.50 + 3.00 + 0.90 GeV
173.90 £ 0.90 *1-70 , . GeVv
173.50 + 1.50 + 2.91 GeV
172.30 £ 0.32 +124 | .0 Gev
172,61+ 0.57 + 0.90 GeV
17258 +0.21+ 0.72 GeV
172.44 +0.13 + 0.47 GeV

172.43 + 0.13 + 0.46 GeV

160

170

180 190
m, [GeV]

Non-legacy —@— 172.60 £ 0.21+ 0.70 GeV
Unique non-legacy —@— 172.60 + 0.21+ 0.70 GeV
Alternative techniques —— 172.59 + 0.21+ 0.72 GeV
Alt. techniques (8 TeV only) . g, 172.43 £ 0.21% 0.73 GeV
logaey | . ooy

PRD 93 (2016) 072004

Legacy + Alt. techniques @~ 172.43 £ 0.11+ 0.46 GeV

| | ] | | |
165 170 175 180
m, [GeV]
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TOp quar k mass CMS-TOP-PAS-016-022

CMS  Preliminary 2.2 " (13 TeV)

» First measurement at 13 TeV, p+jets 1o R
decay channel | 5 1200
» Follows same strategy as the 8 TeV £
measurement: 5
» 2D fit of m(top) vs. Jet energy scale g
factor

172 173 174 . 0.38 0.39
m, [G eV] Gstat+JSF( mt) [GeV]

(@) (b)

CMS-TOP-PAG-15-001
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-022/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-001/index.html

Top quark mass

NH : I. I I IL:
PSS S S fitter]sul: 3 ,
C [ SM fit w/o m, measulements = ©
8 — | SMiit w/o m, and M, lIpeasurements —
- E_'-.-' mki" world average [arKiv:1403.4427] _E
— HEH mkin DO measurement [8rXiv:1405.1756] -
6 =07 mP°*® from Tevatron o farXiv:1207.0980] =
5 m°® fromCMS o_[arXi§:1307.1907v3] =
= HH mP°® from ATLAS o [arXly:1406.5375] =
. ittty ittt — 26
= =
2 . HOH E
L I --eaa s \ ------------------------- 16
0 - | | | ] | | | ] | |. | | I_I. | | | | | | | | | | | | | ] -
160 165 170 175 180 185 190
. . m, [GeV]
- “pole” means extracted from production cross sections
- “kin” means direct measurements, e.g. matrix element method
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$

nr r-»

Top quark asymmetries

» Measurements at Tevatron & LHC are complementary
» Variety of models (large parameter space) still allowed - W', G, w, ¢, 2

* qq initial state, in gg is zero 0.08
* NLO is 1° appearance

ST e

LHC top
anti-top
- 0
n
N(Aly > 0) — N(Aly| < 0)
AC = N@Iy > 0) T N(Alyd <0) 0.02

« NLO+EW prediction (Bernreuther, et al.)
— A "= +0.011 = 0.0004

W AILAS ]
! : |.|_ Models from ]
N ol PRD 84, 115013; _
I o o JHEP 1109, 097 |
| ] Ll | I I ] 1 |I | | ] | ] 1 | | | | ] 1 |
0.1 0.2 0.3 0.4 0.5

AFB
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N

¥. Single top quark production =
Muon, 5.1 fb™ (7 TeV), 2-jets 2-tags
» CMS combines 7 and 8 TeV data s doral
7] S channe
» Categorized by #b-tags, #jets g F Bt channel
» Binned maximume-likelihood fit to a " doop S
BDT discriminant 300F e Wiicis
C @ Diboson
o = 13.4 £ 7.3 (stat. + syst.) pb [60/0=55%] o gl\sﬂu;iiiitnc
Observed 2.5 SD (1.0 SD expected) 100F SRate syst
%8 07 -0.6 -05-04-03-02-0.1 0 0.1 0.2
BDT Discriminant
» CMS 1° tW-channel observation at 8 TeV  OMS ls=8Tev =122’ 1t
» Categorized by #b-tags, #jets N E“’w
» Binned maximume-likelihood fit to a BDT : M e |
discriminant o ¢ A Enoerany
& 400F
€ 400;
>

o = 23.4 £ 5.4 (stat. + syst.) pb [60/0=23%)]
6.1 SD (5.4 SD expected)

1) 300©
200-

100[-

0.1 02 03

BDT discriminant
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N\
! [frrerenltial CroSS Secltions
A
s
5 8
L CMS 8 TeV
Dg—_ 6 B I 1 I I I I I I I I 1 I | 1 1 1 1 |
o+ ATLAS Preliminary - |
i \IEIB TEVT 20.3 rb1 _C_U 1 '6 | PaI'tOI'I Ievel _
oal veto region: Iyl < 2.1 < - = lepton+ets R
- > - -
- ® 2012 Data al 1-4f Ao dilepton -
L = Powheg+PY6 hdamp=c= - . —
0.7~ Powheg+PY6 hdamp=m_ .-CI- ~ e alljets -
N Powheg+PY8 hdamp=m_ o 1.2 B — linear fit -~
A MC@NLO+HW o] -
H = = = Powheg+HW hdamp=- ‘6.) ~ -
[ ] Total uncertainty o 1 e ]
05—= | v v v L v b b © : :
£ Ek Powheg+PY6 hdamp=s s MC@NLO+HW E 0.8 ]
Q1 g5lzsr-+ POWNEG+PYE hdamp=mm.. .. Powheg+PY8 hdamp=m ~ O L i
% "V |g = Powheg+HW hdamp=-" ! ~ B i
N (qv] - _
1 = — —
: 5 0.6F
3 = P.
=1 5E - r=-o.123-(—T)+1.12 -
=R 0.4 100 GeV ]
% 1 . jl _. I_"_“_I;- AR L L Uyt 1R s g L A A LTI l L L l I L L L | L L L l l L - L l - L L -
e 0 100 200 300 400 _ 500
0.95.:; Alpgen+HW === Alpgen+PY  mm MadGraph+PY SUbleadlng top pT (Gev)
& "'?--__.I AcerMC+PY RadHi - Alpgen+;:"|' RadHi
21 05 ErmnedifadGraph+PY ¢ down
% 1;.'-_- bt L L P
0.95F
oo™ a%%rgdrg;ﬁrpgt{a l?p ..... Alpgen+PY RadLo
50 700 150 200 250 300
Q, [GeV]
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%

Differential cross sections

ne»r-»

N N — .50 (7 TeV) 19.7 b (8 TeV)
i - CMS e, + jets combined s W7
3 0.005- o ] D = CMS ¢ Data -
G ¢ Unfolded data ) el —— Powheg+Pythiab ]
5 ‘I'_ —— MADGRAPH + PYTHIA Fe B - - - MadGraph+Pythia6 N

:C_J IE 0.004 ——— MADGRAPH + pr reweighting ]| = "_"'; — - MC@NLO+Herwig6
B —-— POWHEG V2 + HERWIG o 1 Stal. uncertainty —
.-- POWHEG V2 + PYTHIA o o Stat. ® syst. uncertainties 3
] e f -—t— ]
'U S -
] I : ¥ |
] 10 [arXiv:1605.00116] =
E TN NG
S 15F ' MR ‘ ' ' =
S ;::_l—w.:
= A ——_——] — .
5 > M 3
o - ° F J
ol© 06_ ,-l-l | A:||Stat| :IStatd= . ‘ ‘ ‘ . . =

BEmt o Lo b Lo 00 700 800 900 1000 1100 1200

200 300 400 500 600 70 Number of Particle-level t jet p_ (GeV)

T

Source e*uT events
Drell-Yan 24 +9 14

Non-W/Z leptons 109 = 50 £ 33
Single top quark 463 + 6 £ 145
\AY 154+2+5
ttV 311410
Total background 642 + 52 4+ 149
tt dilepton signal 10199 + 14 + 462
Data 10368
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http://arxiv.org/abs/1605.00116

~ Top quark width

CMS-TOP-PAG-16-019

%2
% 6000~ CMS Preliminary 12.9 o™ (13 TeV)
Q P (Iepton jet)> 100 GeV -
T _btag @ Data Hiw PtV
5000 Dl\flultlboson Ow [Joy
[t Bt-ch

4000

3000

2000

1000

\\II|II\I|III1|IIII|IIII|\\\Ill

150 200 250
Mass(lepton,jet) (Inclusive) [GeV]

100

%1 2000 cms Preliminary 12.9 o™ (13 TeV)
% i);l()/_etzgon,/et)doo Gez Data . W . sV
10000 [Multiboson  [Jw  []DY
[t Bt-ch
8000

6000

4000

2000

Ratio
OO

100 150 200 250

300
Mass(lepton,jet) (Inclusive) [GeV]

|+j pairs

l+] pairs

6000

5000

4000

3000

2000

1000

o
o
o
o

8000

6000

CMS Preliminary 12.9 fo™ (13 TeV)

lepton,jet)> 100 GeV B

Z;;_‘;;Z o ®Data Hw WiV
[OMuttiboson  [[w  []DY
[t Bt-ch

Il\||\IIIIIII\ll\[ll\lll‘lll\lll

i

¥

150 200 250 300
Mass(lepton,jet) (Inclusive) [GeV]

100

CMS Preliminary 12.9 fo™ (13 TeV)

r lepton,jet)<100 GeV _
o <107 %9 Data Ww Wiy
i [Multiboson ~ [Jw  []DY
o [ it Btch

T

[ T

T

IIIII\Il\I

150 200 250 300
Mass(lepton,jet) (Inclusive) [GeV]

100
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-019/index.html

RN
¥, Ttbar+ X: W, Z, B >
g & ’ ’ S il O ' i EH'
» Tight photon ID requirements and cuts to suppress N
the bg . o =t ]
@ Observation at 7 TeV by ATLAS and first g 2% CMS TOP-13-001 7
measurement at 8 TeV by CMS § i First measurement
R =op./on & at 8 TeV! | ;
9 £ 1000@ o A p . of all charged particles with
— (1'07 + 0'07(Sta't') + 0-27(Sy3t-)) - 10 < *©oR < 0.4 around photon candidates |

_ _ CMS _
Tttty = 1L~ 0y E
= 2.4 £+ 0.2(stat.) = 0.6(syst.) pb 8
E C L L L 1 1 L L L 1 1 L 1 L 1 1 |
. 0 2 4 6 8 10
AcCC. by PRD [arX|V:1 50200586] Charged hadron isolation / GeV
LIRS I I L B L ) L L % _IA‘TILAISI ............ Mu'mic'ha'nﬁei"‘ CMSpreIImlnaryL197fbatv’_—BTeV
ATLAS _+_ Data (O] 150; 4 — Data ] ‘ . Data ‘
. S L is=7 TeV, |L dt=4.59 fb oty i s 3 9 Stat. uncert. MC
\s=7 TeV, jL dt=4.59 fb ElTheoreticaI uncertainty N - —Ti - 10°§ -n inclusive
2 N Qe ] B Dy + e
100— ultijets ] )
Electron channel ——e—— 76 7; (stat.) %2 (syst) * 1 (lumi.) fb L% 00F Smeerrg?rﬁty . @ 102 =lsf;n?é?g?;)
» NN N [e] X
Muon channel ——— 55 (stat) (syst) 1 (lumi.) fo 50; ] -g_
Combined —— 63 + 8 (stat) "7 (syst) £ 1 (lumi) fo C ] ; 10
. 0
£
g Z
Theoretical prediction —.— 48 £10fb S 1
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 Il Il 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 5
-100  -50 0 50 100 150 200 250 300 = 40 60 80 L&O 1E20G \1/40
6, % BRfb] oton £+ [GeV] o 15 . n
= 1
- - - QO iy
@ Dominated by object IDs (jets, photon, btag) and 3 L U i
0.5y g B

signal model related o2 4 6 8 10

Charged hadron isolation / GeV
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP13011
http://arxiv.org/abs/1502.00586

@

ne»r-»

Ttbar + X: W, Z, v

CMS

s 2D fit of ttW and ttZ cross sections, dominated by statistical unc's
» SM (NLO): Qttz) = 206 = 29 fb and ttW) = 203 = 25 fb

CMS Preliminary \s=8TeV,L =19.5fb"

N 5 I 1 1 I 1 1 1 1 I N | I 1 1 1 1 1 1 1 1 Ly~ [ .
N “ATLAS Préliminary % ATLAS Best Fit T 2 F + 2-d Best i
= B N s Trilepton+SS Best Fit S r —_ 68% Contour
— -1 NN OS Dilepton Best Fit n l —— 95% Cont
\bw 4 _—JL dt = 20.3 fb % l :1:: 2! ggg}n gEs i — 500 - — BegtnFci)tur
o) [ \s=8TeV \ ----- NLO calculation® N :/’—\ - 1-d tEZ =10
B § /. tiZ Theory uncertainty 7| 4001~ = 1_-d tW=zx1o
3 | \ 0 W Theory uncertainty | - sw=x: ttZ Theory
- LTI \ ------- - N 2222« ttW Theory
N N . -
o N ] 300 —
o T T R - 100[—
e §*-6z;nqp;k)-eil(-26;é)jl(-a-r:iz;s-(;(; 11),Garzelli(2011,2012) - B
N
_1_||||||||||||%|||||||||||||T o|||||||||1/|||||||||||||||||||
) ) 0 > 1 5 3 100 200 300 400 500 600
Hw
ATLAS-CONF-2014-038 G/ ogy (ttW) EPJ C74 3060 (2014)
—»| __Process 5?053 section Sign. Process Cross section Significance
+ —
I +80 +40
ttWw 300 jgg (stat.) 128 (syst)fb  3.10 - HZ 200170 (stat.)3800(syst.) fb 310
HW + ttZ | 380750 (stat.) "y (syst.) fb 370
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http://dx.doi.org/10.1140/epjc/s10052-014-3060-7
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-038/

v Top quark polarlzat/on
> In tt production: New physics e =
I%5005— Vs= 7TeV—E;‘ PABkgd.  --aP=-0.3 _

polarizes top quarks
» Polarization introduced by CP

_conserving or violating process:
| €P_,.= -0.035 £ 0.014 (stat) = 0.037 (syst.)

&P, = 0.020 + 0.016 (stat.) + 0013 (syst.)

/////!/// Gttt
-1-0.8-06-04-02 0 02040608 1-1 -08-06-0.4-02 0 0.2 0.4 06 0.8 1

L L

pDIoN

cos B(£") cos8(£7)

€ : Spin analyzing power, P_, top quark polarization | ><1IO? e
PRL 1 1 1 ; 232002 (201 3) cjts CMS preliminary \s = 8 TeV, L =20 fb™
] A =0.42 £ 0.07 (stat.) £ 0.15 (syst.) T
* Good agreement with SM 200+ ynfolded data
. . . | W generated (POWHEG)
(negligible polarization), also seen ~1generated (CompHEP)
by: — CMS: PRL 112 (2014) 182001 i T
C T " PRD 87, 011103(R) (2013 1 '
- DO: (R) (2013) - I ]
o0 i s
» |n single top production, measure / T
polarized top quarks as expected O s
—p o
— -+ -+ [ T B 1 1 1 !
P.= 0.82£0.12 (stat) + 0.32 (syst.) 0 G . o |
CMS-PAS-TOP-13-001 cos 0
50
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http://arxiv.org/abs/arXiv:1307.6511
http://arxiv.org/abs/1207.0364
http://arxiv.org/abs/1311.3924
https://cds.cern.ch/record/1601800

JHEP 01 (2015) 053

W heIICIty In smgle top production

o \W h9|ICIty IN SM: f =0. 30 f =0. 70$ - SD t — jelsg.ﬂb"(BTeV)
o - ala + .
= ;3000} Bt (i-chan) [ Others H+/€lS
[ # € [ [Jt(othery []QCD
W b Q25001 gt 7 Stat. unc.

i

@ Complements results in pair production
@ Similar precision but orthogonal systematic
uncertainties in single top channels
@ Signal model & template statistics

2000

’1-0.8-06-0.4-02 0 0.2 0.4 0.6 0.8 1

CMS 19.7 b (8 TeV) cos(6")
-------------- SM pred. (PRD 81 (2010)
- Stat- UnC. e Combination L I R B B I R B B T
| | Syst. unc. _ ATLAS and CMS preliminary
Total unc. =*= p+jets \s=7TeV,L =35pb"-22f"| Fy | F. Fo
. B NNLO QCD
— e+jets o
Combination
-e= Data (F_/F /F,)
= =) CMS (JHEP 10 (2013)) R
ATLAS 2010 (single lepton) we— I i
e ATLAS (JHEP 06 (2012)) ATLAS 2011 (single lepton) e~ - ke
ATLAS 2011 (dilepton) - .
C——_ CDF (PRD 87 (2013)) CMS 2011 (single muon) e
LHC combination - FokcH
-=—e—= D0  (PRD 83 (2011)) e e e L
0 0.5 1
L L e W boson helicity fractions
-0.2 -0.1 0 0.1 0.2 d
F:".
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http://dx.doi.org/10.1007/JHEP01(2015)053

7N\,

$

nrr->»

Top quark asymmetries

» Interference appears at NLO QCD: Tevatrond top
anti-top
—— (T
+ A ¥
T -
Positive asymmetry Negative asymmetry
. Only occurs in qq initial state; gg is fwd-bwd symmetric
* This is a forward-backward asymmetry at Tevatron
» No valence anti-quarks at LHC - t more central e i ®o
» SM predictions at NLO (QCD+EWK) LR
- Tevatron: A__ ~8-9 % vs. LHC: A_~1 %
(waiting for full NNLO pQCD predictions)
|
e Experimentally: Asymmetries based on decay leptons L
or fully reconstructed top quarks “easier” Ac ﬁ(iwt' = g) J‘rg(iw < 8)
« . > =
harder A?p _ N(Alpl > 0) = N(AJe| < 0) (Alye| ) (Alye| )

N(A|77[| 3= 0) +N(A|?]g‘ L 0)
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DO Top quark asymmetries

Tevatron Top Asymmetry Tevatron Preliminary

tt Ay Asymmetry (A‘F‘B) —»
CDF Lepton+jets (9.4 fb™ _ 16.4 + 4.7 e All Tevatron results
PRD 87, 092002 (2013) EE " - "
CDF Dilepion (9.1 o) | 12+ 13 use full data sets
PRD 93, 112005 (2016) = = .
D o ) i~ 10.6 + 3.0 * Expect final results
DO Dileptons (9.7 fb™) £ 175+ 6.3 and Tevatron
PRD 92, 052007 (2015) I8 B . .
Tevatron combination E—-— 128+ 2.5 Comblnatlon Very sSoon

Lepton qn Asymmetry (A! ) e Agreement with latest
CDF Lepton+jets (9.4 fb™ 3.2 1cti
sl s v el = 1054+ 3= theory predictions
CDF Dilept 9.1 fb
PRL 113, ;4(2%51?;?4)( j - 72 T 60
DO Lepton+jets (9.7 fb™) 3.4
FE)R(I)D 9D0,_ |072<1[01 (201(43) 2] -1 5.0% 37 0 NLO Emmm

ileptons (9. .6 T ——

PRD 88, 112002 (2013) -1 4.4+3.9 Nggg ——
Tevatron combination — 7.3x2.0 0.4

Lepton An Asymmetry (AgB) .
CDF Dileptons (9.1 fo SR
S LR 7exs2 | 4
DO Dilept 9.7 ib or
PRD 88,I ﬁgocf;r::m(s) ) [ — 123 x 56

NLO SM, W. Bernreuther and Z.-G. Si, PRD 86, 034026 (2012) MSTW2008 odf
& NNLO SM, M. Czakon, P. Fiedler and A. Mitov, PRL 115, 052001 (2015) -0.4 kt L - : . L : =
| | | | 350 400 450 500 550 600 650 700 750
—20 0 20 40 M., [GeV]
Asymmetry (%) Conference Note 6492
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https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T112/

Top quark: FCNC

CMS PAS-TOP-13-017

><1 0

19.7 fo™! (8 TeV)

» Flavor Changing Neutral Currents are highly 5 [ows | mEomsewsn
suppressed in SM, but enhancement in many £ ' samesign mae™
models of new physics a dileptorimrae -
@ Search for FCNC involving Z bosons: "
6 . |
— |B(t - ug) <5.7-10° B(t - ug) < 3.55- 10" . o]
B(t -~ cg)<2.7-10" B(t - cg)<3.44-10° ’ < ]
2 .
@ Search for Higgs boson production in the dilepton o S~ ]
(same sign) and trilepton channel o 2 4 0
@ Systematic uncertainties dominated by: N T 4.0
Background modeling / cross sections 5 2000 33, =Q'§;_pmmpt —'
¢ 180F ftrileptons mmwz-sw

@ Limit on top-charm flavor-violating Higgs Yukawa coupling & !fjfljc B 55 E
upper limits for branching fractions: . Data E
< N(IN P+ A" |?) < 0.18 at 95% CL E
—> —0 | BRegp(t— He) | +o [[ BRyps(t— He) -
trilepton 0.95 1.33 1.87 126 E
same-sign dilepton || 0.68 0.93 1.26 0.99 o |_
combined 0.65 0.89 1.29 0.93 6 8 N10
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP13017

Top quark: FCNC

» Flavor Changing Neutral Currents are

. . CMS Preliminary, 8 TeV March 2016
hlghly Suppressed In SM T ||||||| I IIIIIIII I IIIIIIII [ ||||||| I
» Analyses assume all anomalous Phys RevLett 112 (2014) 171802

. i, Br(t— Z q) ]
couplings zero but one
» Still above SM predictions but reached —
sensitivity to certain BSM models singletop, Br(yw) 1
single top, Br{t—yc) |
ATLAS Preliminary
BR(t— uH) BR(t— uy)
N; R i R R e R R @ CMS PAS TOP-13-017
1107 LEE + 11 i, Br(t— H c), H—» WW,ZZ = I
510 2 TEVATRON i _g
10°F § : CMS PAS TOP-14-020
107 : ] £ f, Br(t—H u), H - bb |
o : . fi, Br(t—H c), H — bb I
ot i b bt b i it —
10°f CMS PAS TOP-14-019
104 ATLAS F 1 ft, Brit—>Hu), H »yy P
o CMS % Pramnay ft, Brit>Hc), H =7y bl
Ealdis " ’;,3 ----- 95% CL Observed Limit [ +10 Exp.Limit
TS 1 L — 95% CL Expected Limit [ +20 Exp.Limit
% L g 1 111 ||||| 111 |||||I 111 IIIIII 11 11 ||||| ]
107 10% 10° 10* 10° 10° 10" 107 10® 10”' 10 10 1072 10" 1
BR(t— uH) BR(t— uy)

Top decay Br (%)
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D Measurement methods

» Matrix Element method (leading order) calculates
event probability densities from dQ'dX

1
P(IIT, mt) — /S: do_(ya mt) dQldQQ f(QI)f(qQ) W(ya Ly k:.]ES)
J(mt) LO ME PDFs Transfer function

» |[deogram method event likelihood based on Breit-Wigner (signal)
convoluted with detector resolutions

L (sample|my, JSF) = H (Z wof (1) (Z;‘} HItt|HIt JSF) x Pj(myy; |myg, JSF) ))

events \ i

Wevent

> Template method compares histograms in data W boson fully reconstructed.
to simulations (including detector resolutions)

— In-situ calibration, Constrain
reconstructed m, to m,

» Depend on MC -, We measure “MC mass”

» Alternative methods (“End-point”, J/®, “O)
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Top quark mass

CMS

[ | I I | I I I I [ | [ I | | | [ I
CMS Preliminary May 2016
b hadron lifetime 173.50 + 1.50 + 2.91 GeV CcMSs 2010, dilepton . 175.50 + 4.60 + 4.60 GeV
TOP-12-030 (2013) ® JHEP 07 (2011) 049, 36 pb’ (value * stat + syst)
Kinematic endpoints @ 173.90+0.90*170 , . GeVv CMS 2011, dilepton 8 172.50 £ 0.43 £ 1.43 GeV
(2013) EPJC 72 (2012) 2202, 5.0 fb”’ (value + stat + syst)
b-jet ener eak . e m——
TOP-15.002 (2015] ——— 172282117 £286GeV CMS 2011, all-jets 173.49 + 0.69 + 1.21 GeV
EPJC 74 (2014) 2758, 3.5 o’ (value * stat + syst)
Lepton+J/W — @ 173.50 = 3.00 = 0.90 GeV ———
TOP-15-014 (2016) CMS 2011, lepton+jets 173.49 £ 0.43 + 0.98 GeV
LentonsSecVi JHEP 12 (2012) 105, 5.0 fb' (value * stat + syst)
eplon+56cVix ~@— 17368 :0.20*158  _Gev
arXiv:1603.06536 (2016) CMS 2012, dilepton t 172.82 £ 0.19 + 1.22 GeV
: . : This analysis, 19.7 fb™ (value + stat + syst)
Dilepton kinematics . +2.68
CMS 2012, all-jets . 172.32 + 0.25 + 0.59 GeV
Single top enriched . +0.97 This analysis, 18.2 fo”' (value * stat + syst)
TOPB.001 (2016, v 172.60 = 0.77 .93 GeV ly
CMS tis shane. 8 TeV . CMS 2012, lepton+jets : 172.35+ 0.16 + 0.48 GeV
+ ’ . . . . ;
TOP-13.005 (20F‘:6) ® 169.80 2 110 *8.5 49 GV This analysis, 19.7 b 7 _____________________________ (value +stat£sysy
o(tt) 748 TeV 173.80 +1.70 GoV CMS combination 172.44 + 0.13 + 0.47 GeV
arXiv:1603.02303 (2016) ® ' -1.80 (value * stat + syst)
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff Tevatron combination (2014) ol
CMS 7+8 TeV (2015) ® 172.44 + 0.13 = 0.47 GeV arXiv:1407.2682 174.34 £ 0.37 + 0.52 GeV
World combination World combination 2014 ——
ATLAS, CDF, CMS, DO S 173.34 % 0.27 = 0.71 GeV ATLAS, CDF. CMS, DO 173.34 £ 0.27+ 0.71 GeV
arXiv:1403.4427 (2014) arXiv:1403.4427 (value * stat + syst)
N T N T T T R N N R N MR N B B R
160 170 180 190
m, [GeV] 165 170 175 180
, [GeV]
A. Jung CMS Top quark results o7
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¥ SM vacuum stability

» With the Higgs discovery the SM can be

extrapolated to Planck scale energies -
» “Test” the stability of the electroweak § | ol
vacuum, under assumption of no new : - m(ﬂ;m?omsgggim%ﬁs
physics: g s 2
~ meta-stable, life time > O(10%) t _ 3 Mt
universe & 172 o 10'°
— but new physics can change that LT o
1 6 8 A
dramatically vy _ 240 200 | s 0 BZ subily
B 6 M2 8 M}
P P 168 N e
SM nggs d|m 6 & 8 BSM 120 122 H'124 1 126 y .IZC:SV 130 132
1ggs pole mass M, in Ge
potential modlflcatlons
168 1681 < Stability | ]

F_Branchina et al
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