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Introduction

> \Why looking for top quarks?

> Top is very heavy:
" Only standard model particle with
mass at about VEV —y ~ 1
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> Top could be a place to find new physics
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Introduction
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> Top factory: more then 30 Million top pairs produced at E_ =13 TeV

> Most analyses use only parts of the data sets:
" ttV searches use about 1/3 of the 13 TeV data

* Cross sections available for up to 3.2 fbo' @ 13 TeV (2015 dataset)
" FCNC use only data from 7/8 TeV

> Many analyses are modelling or experimental (JES) systematic
dominated and improvements need time
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Introduction

> Production:
" Cross section
" Mechanism
" Spin correlation
> Top Properties:
" Mass
= Width
" Spin
" Charge
" Polarisation
> Decay:
" Branching ratios/rare decays
" W polarisation
* Decay vertex structure
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Inclusive cross sections



Production and decay

qq annihilation (~10%) gg fusion (~90%)

> Dominate production via gluon fusion

" Constrain gluon PDF

= Extract oo and m
s top

> Probe pQCD at higher orders Top Pair Decay Channels

> Soft radiation in initial and final state 2 |28
= Differential distributions 8
" Constrain models for parton shower 3 § 2|8
> Natural probes for new physics .
o tautjets
" Highly boosted events 5 | muon+jets
. . ) S electron+jets
> Measurements in channels categorized Wi -
& e ut Tt ud cs
by W decays =
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Total cross section
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> Evolution versus centre of mass energy well understood
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Total cross section (ll)

> Results are dominated by
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http://arxiv.org/abs/1701.06228
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> EWK production : smaller cross sections
" Measurement for t-channel and Wt, evidence for s-channel

- Single top-quark production
[~ May 2017

t-channel

Wt

E s-channel

C ATLAS+CMS Preliminary LHCIOpWG
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ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019
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> First results at 13 TeV for t-channel and Wt

“ Excellent agreement at all energies and production channels

Thorsten Kuhl| HEFT2017, Top Overview | May. 23th 2017 | Page 9



Differential cross sections
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> Top as tool to study QCD radiation:
" Tag the event with a two lepton (eu), two b-tag selection — very clean top sample
" Look for additional jets in events

Eur. Phys. J. C77 (2017) 220
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then derive an UE tune using fixed a

* Commissioning/understanding of new
matched/merged NLO multi-parton (scale, a )
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additior41a1 jets
> Important for generator development:
= ttbar kinematics to fix shower o



Partonic top cross sections

S~

> CMS measurement in the all b
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Differential top cross sections

> New measurement combining information
from low and high p_tops (using jet substructure)

= multiple variables investigated m(tt), p_(top), y(tt), p_(tt)
(from pure ME to very ISR/FSR dependent)

+
> ATLAS |+jet measurement: ATL-CONF-2016-040
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> top p. not modelled at hlgh p., consistent for resolved and boosted
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Problems @NLO: top quark p_

> Top p_ comparison of NNLO with data @ 8 TeV

" Theory and data of both experiments agree within errors, not very conclusive
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> CMS sees a much bigger and significant slope @ 13 TeV:
" Missing higher order, EWK-corrections?
" Need more data, more qualitative, confirmation from ATLAS

" Other generator+shower cobination look better (Powheg+Herwi97)
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tt+X (X=bb,W,Z) production



ttbb cross section @ 13 TeV

> Important background for searches

. .CMS Preliminary 2.3 fo (13 TeV)
10_ LI DL I IR B ]

(4] - =

n . c EfF Wtibb WtiLF WSingle t 3

" Measurement of the ttH coupling g i Citib] [t others .Dyfets -
w10* e Witicc @tiv ¢ Data 3

> CMS: first inclusive ttbb cross section
at 13 TeV

> Comparison with Powheg+Pythia8

" Bigger fraction of ttbb measured
then simulated (but most b from 1
parton shower) Q M T 1
8 0.6 1 2 3 >4

Number of b-tagged jets

Phase Space Oivp LPP] Uit [pb] Cyibp / O ttjj

Measurement

Visible 0.085 + 0.012 +£ 0.029 3.5 +0.1 +0.7 0.024 + 0.003 £ 0.007

Full 39+06+13 176 £5 433  0.022 + 0.003 =+ 0.006

Simulation (POWHEG)

Visible 0.070 + 0.009 51+0.5 0.014 4 0.001

Full 32+ 04 257 + 26 0.012 4 0.001
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ttV production

> Direct probe of the ttZ coupling (new physics ?)
> Studying important background for searches

> Searches using many leptons to suppress backgrounds:

"= 2 leptons with the same charge
" 3 or 4 lepton final state
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ttV cross section

> CMS result using full 2016 data set (~36 fb™)

" Using 2 same sign leptons or >=3 leptons

= Split sample according number of b-jet

* Control regions to check WZ and ZZ backgrounds
= ttW use multivariate method in addition
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CMS Preliminary 36 fb' (13 TeV)
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ttV cross section

> Fit to many signal region/topologies:
= Simultaneous extraction of ttW and ttZ
" Take into account overlap of both signals in selection

arXiv:1609.01599
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#tW cross section [pb]

O,y [PD]
ftW : 2.26 (expected : 1.00) ftW : 4.60 (expected : 5.50)
ftZ : 3.90 (expected : 3.40) ftZ . 9.50 (expected : 9.90)

> Results still statistically dominated
" need to analyse more data and increase precision
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7 W

t
= t W+ .
7

Z 12
> Effective Lagrangian: ?
ﬁeff:ﬁSM-I-%ZCiOf-I-%ZC}'Oj—I-'“ - °
i j £
_ 6
" Add additional production mechanism to ttW $

and ttZ production 4

> Limits on effective couplings with W/Z/H in
final state:

o

Wilson coefficient Best fit [TeV~?] 1c CL [TeV | 20 CL [TeV~7]

|cup/ A2 +0.1TeV 2| 32 [0.0,4.4] [0.0,54]

|6u/ A%+ 185 TeV 2| 19.1 [5.0,26.4] [0.0,32.5]

Eaw /A2 30 [-4.1,-1.5]and[1.2,41] [-5.1,5.0]

Chu/ A2 94 [-103,-8.1]and [0.1,2.1] [-11.1,-6.6] and [-1.4, 3.0]

CMS-PAS-TOP-17-005

— best fit
----- lo CL

CI}dS Preliminary 36 fb~1 (13 TeV)

-12.5-10.0 -7.5 —-5.0 -2.5 0.0
Crul\? [TeV~2]
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Top quark properties



Top quark mass: 7/8 TeV summary

ATLAS+CMS Preliminary LHCIOpWG  my,, summary, Vs =7-8 TeV May 2017

-------- World Comb, Mar 2014, [7]
Bl stat

total uncertainty total stat

Myp = 173.34 £ 0.76 (0.36 £ 0.67) GeV m,,, + total (stat £ syst) Vs Ref.
ATLAS, l+jets (%) 172.31£ 1.55 (0.75 £ 1.35) 7TeV [1]
ATLAS, dilepton (*) 173.09 + 1.63 (0.64 + 1.50) 7TeV [2]
CMS, l+jets 173.49 £ 1.06 (0.43 + 0.97) 7TeV [3]
CMS, dilepton 172.50 £ 1.52 (0.43 + 1.46) 7TeV [4]
CMS, all jets 173.49 £ 1.41 (0.69 + 1.23) 7TeV [5]

LHC comb. (Sep 2013)
World comb. (Mar 2014)
ATLAS, l+jets
ATLAS, dilepton
ATLAS, all jets
ATLAS, single top
ATLAS, dilepton
ATLAS, all jets
ATLAS comb. (June 2016

173.29 + 0.95 (0.35 + 0.88) 7TeV [6]
173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
172.33 £ 1.27 (0.75 £ 1.02) 7TeV [8]
173.79 £ 1.41 (0.54 + 1.30) 7TeV [8]
1751+£1.8(1.4£1.2) 7TeV [9]
172.2+£2.1 (0.7 £ 2.0) 8 TeV [10]
172.99 + 0.85 (0.41+ 0.74) 8TeV [11]
173.72 £ 1.15 (0.55 + 1.01) 8TeV [12]
172.84 + 0.70 (0.34 + 0.61) 7+8 TeV [11]

l+jets, dil.
CMS, l+jets HeH 172.35 £ 0.51 (0.16 + 0.48) 8 TeV [13]
CMS, dilepton 172.82 £1.23 (0.19 £ 1.22) 8 TeV [13]
CMS, all jets 172.32 £ 0.64 (0.25 + 0.59) 8 TeV [13]

CMS, single top
CMS comb. (Sep 2015)

172.95 £ 1.22 (0.77 £ 0.95) 8 TeV [14]
172.44 £ 0.48 (0.13 £ 0.47)  7+87TeV [13]

[1] ATLAS-CONF-2013-046 6] ATLAS-CONF-2013-102 [11] Phys Lelt B761 (2016) 350
- 2] ATLAS-CONF-2013-077 [7] arXiv:1403.4427 [12] arXiv:1702.07546
(*) Superseded by results 3] JHEP 12 (2012) 105 8] Eur.Phys.J.C75 (2015) 330 [13] Phys Rev.D93 (2016) 072004
shown below the line 14] Eur Phys.J 072 (2012) 2202 [9] Eur.Phys.J.C75 (2015) 158 [14] arXiv:1703.02530
[5] Eur Phys.J.C74 (2014) 2758 [10] ATLAS-CONF-2014-055
] | 1 1 ] 1 | 1 1 1 1 1 ] 1 | 1 ] 1 | 1 ]
tOp [ ]

> Run-1 measurements almost completed (ATLAS |+jet missing)
" combination has to exploit new measurements
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Top quark mass: ATLAS di-leptons @ 8 TeV

> Di-lepton channel, two neutrinos in final state — system not fully
reconstructed

= Optimise selection on p_(Ib) to reduce systematics

" Use m(lb) as sensitive variable Phys. Lett. B761 (2016) 350

.............

> > T ) T BT

o B m, I
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§ 12;—>/ — 100: ]
08E . : , : 3 f
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> Most precise di-leptonic measurement (0.5% rel. precision):
m. = 172.99 £ 0.41 (stat) £ 0.74 (syst) GeV

> New CMS measurement: arXiv:1704.06142
m., = 172.22 £ 0.18 (stat) £+ 0.91 (syst) GeV
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http://arxiv.org/abs/1704.06142

Top mass: CMS lepton+jets @ 13 TeV

> First result at 13 TeV using recipe from 8 TeV
= Fully reconstructed di-top system, 2-D fit of m __vs JES

PRD 93 (2016) 072004

0.992
0.99

CMS Preliminary 22" (13 TeV) " ° cms Preliminary 221" (13 TeV)
% 342188_ EEttcorrect = @ESinglet 3 ) 1.008 B2 oo 1

E [ tt wrong I W+jets ] - 1l <
g 2000F [Jttunmatched [ Z+jets 3 1.006 -2 togtt) = 4
- 1800F « Data ’, [ ] QCD multijet 1.004 []-2st00L)=9
» 1600- £
"'(_B' 1200;— — 1
= e E 0.998
5 600E E 0.996
O 400- 3 0.994

200F =

O 00
=
o
©
()]

0.988
100 200 300 400 172 173 174

mitt [GeV] m, [GeV]

> Result @ 13Te\/: CMS-PAS-TOP-16-022
Moo = 172.62 + 0.38 (stat+JES) £ 0.70 (syst) GeV

> Result @ &1eV/: Phys. Rev.D 93(2016)
M, = 172.35 £ 0.16 (stat+JES) + 0.48 (syst) GeV (about 0.3% precision)

> Excellent agreement with run-1 results but precision not yet reached
" Limitation: flavor composition, b-fragmentation
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W boson polarisation

> \W boson can have three different polarisation states:
" Left-handed
* Right-handed
* Longitudinal
> W_ vertex in top decay is characterised by SM (V-A)-structure
" Fractions of three polarisation states well predicted (NNLO)  PRD 81 (2010) 111503

" Can be probed by measuring top decay angles
= Single top: vertex accessible in production

/aa ook —— Standard Model
—— Longitudinal
— Left-handed
~—— Right-handed

0.8
9 " 0.7
0.6

Zlc0.5

t L

0.3
0.2
0.1

P AT T LA B B B P e L
-1 08 -06 -04 -0.2 o 0.2 04 06 08 1
cos6*

b

& AL AL AN 17 A L LA LR LR

v

> New physics in vertex would change measured polarisation
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> In di-top: most precise lepton plus jet

W boson polarisation

@\

DESY

Ol

L e
— ATLAS Simulation

T T
single lepton channels —
---- F, template =

— F, template

channel
" Reconstruct full system

" Fit templates to reconstructed data

CMS-PAS-TOP-14-017

19.8 b (8TeV)
EA-Lia ) SREE

5000 G

4000

Normalized entries

e Fp template ]

0.1

3000

Entries/bin

N
o
o
o

1000

III|IIII|IIII|IIII|III

—_

-3y O
—*llll TTTT

¥ \ s b
Illlllllilllllllllll

6-:04-02 0 02 0.4

| | [ 183 | Il
0.6 08 1
Leptonic cos(6*)

MC/data
o

ATLAS+CMS Preliminary LHCtOPWG May 2017

I Theory (NNLO QCD)

PRD 81 (2010) 111503 (R)

~e—#—+ Data (F_F /F,)

ATLAS 2010 single lepton, s=7 TeV, L_=35 pb’ 1
ATLAS-CONF-2011-037

ATLAS 2011 single lepton and dilepton, F 7TeV,L =1.04fo"
JHEP 1206 (2012) 088

CMS 2011 single lepton, Ys=7 TeV, L_=2.2fo"*
CMS-PAS-TOP-11-020

LHC combination, {s=7 TeV
ATLAS-CONF-2013-033, CMS. PAS-TOP-12-025

ATLAS 2012 single lepton, Ys=8 TeV, L =20.2 b
EPJC 77 (2017) 264

CMS 2011 single lepton, Ys=7 TeV, L _=5.0 fo!
JHEP 10 (2013) 167

CMS 2012 single top, {s=8 TeV, L _=19.7 fb”
JHEP 01 (2015) 053

CMS 2012 single lepton, Vs=8 TeV, L _=19.8 fb )
PLB 762 (2016) 512

CMS 2012 dilepton, {s=8 TeV, L _=19. 7o
CMS-PAS-TOP-14-017
* superseded by published result

L

total stat

0.5
W boson helicity fractions
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Polarisation in single top

> Single top t-channel:

" Wtb vertex is present in production and decay of the top quark
Superposition of two vertex structures

" Top is polarized
" Full system can be parametrize in one parameter for top polarisation plus 6 W
polarisation observables:

Nucl.Phys.B840:349-378,2010

2 Phys. Rev. D 93, 011301 (2016) JHEPO4 (2017) 124
Asymmetry Angular observable  Polarisation observable = SM prediction
ALy cos B¢ saeP 0.45
A% cos By cos 6} SP(Fr+FL) 0.10
Arp cos 6} 3(S3) =3 (FrR— FL) -0.23
Agc cos 6] 3 i =30 -3F) 020
AT, cos 67 2(S1) 0.34
AN cos 6 -3(82) 0
AL cos 6} cos ¢, -2(Ay) -0.14
AN cos 6} cos By 2(A;) 0

> New ATLAS publication measuring full set of asymmetries
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Polarisation in single top

> Kinematic signal selection ,JHE,P?4,(291,7)|1.24. T

" To reject top-pair background ATLAS
> Extract all asymmetries T 0o Y N
(example top polarisation) ~
|—|—.—|—| AFB
2 15000 o e SRR R —@4— Acg
|.‘|1>.|> : = t:/t B Vs =8TeV, 20.2 fb’ ]
r !. Signal region 1 |—|-.+‘ AEC
R W+jets |
10000 i (= I\‘;‘:l’tizj;{ets : ;
r ;/// Stat.+Multijet unc. H""" A FB
5000| -0+ Al

o ¢ SM prediction AN
— Stat. uncertainty

—@ +— e : AT’¢

o|m1 os%// W/%W//%%% Total uncertainty FB
-1 08060402002040608 1 TP A SACE R e LS A BB A £ i B AL AR o) (EEE
COSGl '04 '02 0 02 04 06

Angular asymmetry

> For comparison: CMS measure P = 2*A_= 0.52 £ 0.22

JHEP 04 (2016) 073
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WtIO vertex constrains

> Interpretation of the measurements using the general expression
for the W, vertex:

-8 i g,
Lww = b)’” (WLPL + RPR)T W, b Y (eLPL+ SEPR)\fW +h.c.
SM: VL—th VRZO gL=0 ng()
> Interpretations :
ATLAS W polarisation CMS single top
Z 107 2SRRI 7) 124 JHEP 04 (2016) 073
3 [ ATLAS W 99.7% CL 5.0 fb" (7 TeV) + 19.7 fo™ (8 TeV)
* 0.8]- /Ldt=20.2fb'1':§7 l:::g": gt V — [ CMS [ 95% CL observed
C Osm L 13- [ 68% CL observed
0.6 Vs =8TeV # e
o EFTfitter e 95% CL expected
0_4:_ V= 1E it 68% CL expected
o.zf— 9.=0
0.0F @ 0.85—
Rl D e TR e L e
-1.0 -0.5 0.0 0.5 1.0 Re(‘;s V — |f-||'-|

> All interpretations assume the other parameters are SM
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WtIO vertex constrains

> Interpretation of the measurements using the general expression
for the W, vertex:

g,
Ly = by“(viPLwRPR)r w, - & b“’ (gLPL + grPR)t W, +h.c.

TN "N

SM: Vi = Vi VR =0 gr, = JRr =

> New ATLAS single top interpretation:

" Triple-differential angular

'_'_, 0-3_ T T T I T T T I T T 1 T T 1 I T 1 T I 1 1 T AR

> - s =

decay rates of smgle top Er T R . M E

= 05 — — - o = 2
= i 455_ ATLAS Prehmmary >< Best F|t E 0.1 iHEP 04 (2016) 023 -
o) E 1 a - ssumptions: V =g =0 =
27 1s-8Tev.20216° eSM 3 Ao e E
=E -68% GL 3 - + Best Fit 3
0.35¢ 95% CL ic 8 68% CL =
e = = 95% CL =

= E -0.2F —

0.258 - - Vs=8TeV,20.2fb" =

= = -0.3 x Best Fit Htm

] = I 68% CL ]

= 0.4 95% CL =

] ~0.5F -

= = 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 e |

e -0.4 02 0 0.2 0.4 0.6 0.

03 04 05 06 imlg /V,]

VAV
R
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Rare decays &
FCNC



FCNC in Standard model

> SM: flavour changing neutral currents (FCNC) are forbidden tree level
" GIM mechanism

> Existing on loop level W
" Penguin diagram: q

arXiv:0409342 arxiv:1311.2026
Standard Model (branching ratio)

> Still highly suppressed: t »uZ 8x107V7 | t—cZ 1x1071

. ‘ —16 — ) —14
* Tiny branching ratios: t—uy 3710 t—ey 46x10
t—sug 37x107M | t—ecg 46x10712

t sulH 92%x10-Y7 | t—cH 3x1071

> Beyond the Standard Model these signatures can be enhanced
— interesting signature to search for new phenomena
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FCNC search strategies

> 3 ways to search for FCNC:
" Decay of top quarks:

- sensitivity similar for t—uX and t—cX
(X=vy,2Z,9,H)

" Associated production in single top ,
- sensitivity for tXu > tXc (PDF) ! q

" s-channel top production
- only gut and gct gat
- only SM top decays taken into consideration

> Most Analyses using full 7 and 8 TeV dataset
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FCNC: Search strategies

> Results are usually interpreted

" Branching Ratio limit (model independent)
" Framework of anomalous couplings:

[arXiv:0803.3810, 0811.3842, 0904.2387]

\/§ K _ v Y
q=u,c
V2 K, o
* et (L P fPr) 4
1 _
+ ﬁmw; t(fL,PL+ [ Pr) qH
\/§ Koot B
* 4 (‘0899“; \(ﬂ ) tguy (fz[éPL + f;;PR) qZ,uu
1 g ~ . i
+ ZCOS 9“/ (’:q{ ’ t"}/'u (f:ﬁ?PL + f.‘f}PR) qZ# ] + h.C
with " = %h#. v

> some simplifications:
" no 4-fermion contact interactions
= |f-|**|f*| = 1 and coupling > 0 (independent-convention)
" Analyses often do not distinguish L and R
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FCNC search example: tgq

> ATLAS: search in initial state Eur. Phys. J. C76 (2016) 55

" Looking for only the decay products
of one single top in the detector ot
(1 lepton, 1 b-jet, MET) 9 '

> CMS: search in the final state | ., (2017) 028

" Same selection for Wt q 000 +———
* Looking for top plus jet g .
(1 lepton, 1 b-jet, 1 add. jet, ME 1
00000~

> Neural networks are used to separate signal from backgrounds using
shape informations
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FCNC search example: tgq

> Results are presented as limits inside the anomalous coupling
coupling framework or im limits on branching fractions t — gX
" (axes are twisted between ATLAS and CMS)

Eur. Phys. J. C76 (2016) 55

ik ><I1IOI-3''"'I"''I"''I""I""I""I"—
3 16QATLAS \s=8 TeV, 203 1o~
=i ;
fipes Excluded region 1
w 12F E

1 pa—

— Observed
— - Expected

B+ 10

/A [TeVY

ugt

Upper limits @ CL= 95%:
BR(t — gu < 0.4x107)
BR(t — gc < 2.0x10 ™)

%107

h(tugl/A (TeV1)

JHEP 02 (2017) 028
5.0 (7 TeV) + 19.7 fb' (8 TeV)

0.012 CMS [ 195% CL observed
C [ 68% CL observed
0.01F
Co e 95% CL expected
0.008 —— 68% CL expected
0.006 ;, ..........................................................................
B y
0.004 \

0.002

|||" ||||| Lo v v by v v by vy
00 0.005 0.01 0.015 002 0.025 0.03 0035 0.04

[Kogl/A (TeVY)

Upper limits @ CL= 95%.:
BR(t — gu <0.2x10 ™)
BR(t — gc <4.1x10 ™)
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Results: FCNC searches

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS
LHCIopWG [1] JHEP 12 (2015) 061 [2] arXiv:1610.04857 subm. to JHEP
[3] JHEP 04 (2016) 035 [4] EPJC 76 (2016), 55
November 2016 [5] arXiv:1610.03545 subm. to JHEP [6] EPJC 76 (2016), 12
[7] CMS-PAS-TOP-12-039
Each limit assumes that L — =
all other processes are zero Theory predictions SM 2HDM(FV) 2HDM(FC)
from arXiv:1311.2028 MSSM RPV ERS
I - il = |
t—Hc - @ ©
—0 (1]
_—
t—=yc —a )
t—yu —eo [3]
t—qc = *
g — PN g
t [4]
—_—
gu [5]
I . — e |
t—Zc PS 7]
t—Zu o
%
— @ 7
[ ||\r\ - v i R B H
-16 -13 -10 -7 -4 —1
10 10 10 10 10 10

Branching ratio
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Summary

> LHC is an exciting place to do top physics:

" Big production cross section (top factory), more data coming in 2017
> Inclusive production is well understood

" agrees with NNLO calculation

> Differential cross section

" Matched merged Multileg@NLO needed for hard radiation but it is still in
commissioning

> Top Properties:

" Top mass measurements with 2011/12 data nearly finished and need
combination, first measurement at 13 TeV shown

" W polarisation results are shown for di-top and single-top and interpreted

> FCNC:

" Limits are shown, no significant deviation seen

> Most measurements dominated by modelling systematics, need active
discussion between experiments and theory community
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