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A particle with unique characteristics

Special because of its enormous mass: heaviest known particle
— Still a point-like particle in our understanding
— The top and the Higgs are “strongly” coupled y, 1 m, = ytV/\/E
— The top mass dramatically affects the stability of the Higgs mass

* If we consider the SM valid up to a certain scale A /X
t{} W, Z%::\i} H .-~ p_,/
2 _ .2 3 2 A2 L 12,2 p
Mg = Mgyg 87r2ytA + 167[_2‘9 A + ]_67[‘2)\ A. \X
A 2
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It is the only quark that does not hadronise ’
o T(had)~h/Aqcp~2 1024 s
o T(top)~h/I'top~51025s
o Compare witht(b)~10"s .
» Decaysbeforeforming a “dressed” top quarks
» No bound tq states, its spin properties are directly passed to its decay products

» QCD, Flavor and EWK physics at their best !



Top quark spin

correlation

ATLAS, Phys. Rev. Lett. 114, 142001 (2015)
S CMS, Phys. Rev. D 93, 052007 (2016)
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* Top quarks decay before spins de-correlate — measure
* Gluon helicities — top spin correlation — decay product. Max in low My

regime
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* Lepton final state — ~100% transmission (for quark, depends on flavor),
2| channel: access with azimuthal angle between leptons in lab frame
or in top rest frame vs a direction basis (helicity,... ) ... (direct).
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Spin Correlation: direct measurement

ATLAS Phys. Rev. D 93 (2016) 012002
* 20S¢, > 2 highprjet, 2 1b, large E, s
* Inclusive distrib. unfolded (bayesian) at parton level
+ Direct extraction of C=-A a0, A= 03150061 (sa) 0049 (sy50)

* Dominated by: unfolding uncertainties, theoretical
modeling and jet reconstruction
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Spin Correlation: direct measurement

CMS Phys. Rev. D 93, 052007 (2016)
* Dilepton channel, reconstruction of tt final state.
* Unfolding all angular distributions, get asymmetries:
Ane » An Acose » Ap , they provide direct measurement of spin
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Spin correlation 1l+j 8TeV : ME method
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Spin Correlations and polarization, Tevatron

Oab = <‘1(‘S! ”)(St b)> =
o(tt) +a(ll) —a(t}) - (1)
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 Fit the data allowing the total cross
section and the fraction of “With Spin
Correlations” to Float, arXiv:1512.08818

* O,¢=0.89 +0.16 (stat)+0.15 (syst)

* Exclude the Uncorrelated scenario at
4.20 level

* Assuming no BSM contributions,
f.z=0.08+0.12(stat) £0.11(sys) (NLO
prediction 0.135)
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O¢ = 0.80%°:%" | . predicted in the off-
diagonal spin basis (maximal at the Tevatron)
qq has a spin correlation strength of ~0.99
and gluon-gluon of ~-0.36

Polarization: DZero 6471 (2015)

Tops are almost unpolarized at the Tevatron
Transverse polarization allowed in strong
interactions, and BSM can make them bigger
Data are consistent with zero polarization,
and with the predicted SM values

First measurement of polarization along the
transverse axis at a hadron collider
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Top quark spin correlations

Nﬁ.‘
i
L Nt + Nt

Lincor

ATLAS:
A 28 :1.20 + 0.14 (8TeV)

1.19 + 0.20 (7TeV)

ME 2¢: 0.87 + 0.18 (7TeV)
Ad 8+ 1.12 + 0.25 (7TeV)

CMS

Ad 2f:1.16 £0.15 (8TeV)
D 2¢:0.90 £ 0.16 (8TeV)
ME {+j: 0.72 -0.13+0.15

(8TeV)

Consistent with SM, already
systematic limited for some
of the measurements

tt Spin Correlation Measurements Summary

Do, dilepton + e/u+jets

PHL 108 [2012) 032004,
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CMS, dilepton

PHRL 112 {2014) 182001,
f5=7 TeV,L =5 ib!

ATLAS, e/u+jets

PRD 80 (2014} 1120186,
f5=7 TeV, L =46 fio!
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PRD 90 (2014} 112018,
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PRL 114 {2015) 142001,
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CMS, u+jets

arkiv:1511.06170,
f5=8 TeV,L =196 fb"

CMS, dilepton

arXiv: 1601011407,
{a=8 Tav, L 195"
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Cha rge/FB asymmetry tree-level and box diagram: asymmetry (+)

q t q ——~ s —— [
top quarks pair production at NLO give non zero >,,,,< +  qr it
g
{

charge asymmetry from interferences between — g —t8l
g—gbar initiated diagrams, gg interaction

symmetric ISR and FSR: asymmetry (-)

q 2 t q {
Measurement of Agg at Tevatron and A at LHC - <8
are complementary to evaluate new physics - & } — i}
models 9 ¢ 1 t

— Could be enhanced if new physics present like
with W, G, w, @, Q

LHC has symmetricinitial state (pp):

— Quarks are mostly valence and anti---quarks are
sea quarks

— PDF’sare not symmetric, quarks carry more Te::::m tbar
momentum than anti-quarks
— Rapidity distribution of tops is broader

Evaluate asymmetry based on fully reconstructed top
quarks or leptons in dilepton channel

7 _N(Ay>0)-N(Ay<0) ~ N(Al|y[>0)—N(Al|y|<0)
TUN(Ay>0)+N(Ay<0) T N(Aly[>0)+N(Alyl<0)
Differential distributions (my, Y, P" ) Ay =y — yz Aly| = yi| — |yl

sensitive to BSM physics 10



Arz Measurements in tt at the Tevatron
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Charge asymmetry:
dilepton channel

* Asymmetry defined with decay leptons and reconstructed tops

ATLAS:

7 TeV: JHEP05(2015)061,
8 TeV arXiv:1604.05538

* Kinematic reconstruction of the top anti-top quark four momenta.

— Inclusive measurements corrected to parton levelin the full phase space and fiducial regions.

— Differential measurement in m(tt), |y(tt)|, pT(tt)
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Ac =[0.021 + 0.017 (stat+syst)]
SM pred: (0.0123 + 0.0005)
A€ =[0.024 + 0.03 (stat+syst)]
SM pred: (0.0070 * 0.0003)

Ac =[0.021+ 0.016 (stat+syst)]
SM pred: (0.0111 £ 0.0004)

A€ =[0.008 + 0.006 (stat+syst)]
SM pred: (0.0064 + 0.0003)

Comparison of the inclusive A.f¢ and
A measurement values in the full
phase space to the SM NLO QCD+EW
predictionanda benchmark BSM
model with a heavy octet with mass
with mass beyond the reach of the
LHC

12



http://arxiv.org/abs/1604.05538

Charge asymmetry: l+jets channel

Inclusive and differential measurements unfolded at parton level, using a
selection based on: 1 high p; tight ¢, large E,™ss and m;V. Full event
reconstruction with kinematic fit.

ATLAS, 8 TeV, 20.3 fb-1, lepton+jets channel: Eur.Phys.J. C76 (2016) no.2, 87,

— 3signalregions: 0, 1, 2 b-tag, Likelihood fit to reconstruct tt, Full Bayesian
unfolding, Differential in m(tt), B,(tt), pT(tt)
and Phys. Lett. B756 (2016) 52 in the boosted regime: m(tt) > 0.75 TeV

— Leptonic decay resolved, Hadronic decay reconstructed as large R jet (R=1.0)with
substructure, full Bayesian unfolding, differential in m(tt)
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Charge asymmetry: l+jets channel

PLB 757 (2016) 154
CMS 8 TeV: Inclusive and differential measurements unfolded at parton level.
19.7 b (8 TeV)
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Charge asymmetry: LHC summary

LHCTOPWG

ATLAS+CMS Preliminary  LHClOpWG \s=7TeV Sept 2015
total stat
1t asymmetry A (stat) +(syst)
ATLAS l+jets =i 0.006 + 0.010 + 0.005
JHEP 1402 (2014) 107
CMS l+jets H—e— 0.004 +0.010 £ 0.011
PLB 717 (2012) 129
ATLAS+CMS l+jets | 0.005 +0.007 +0.006
Preliminary
ATLAS dilepton H—F+—=—+ 0.021+0.025 £ 0.017
JHEP 05 (2015) 061
CMS dilepton ] -0.010 + 0.017 + 0.008
JHEP 1404 (2014) 191
Theory (NLO+EW) 0.0123 + 0.0005
PRD 86, 034026 (2012)
lepton asymmetry
ATLAS dilepton —=— 0.024 + 0.015 + 0.009
JHEP 05 (2015) 061
CMS dilepton —e— 0.009 + 0.010 + 0.006
JHEP 1404 (2014) 191
Theory (NLO+EW) 0.0070 + 0.0003
PRD 86, 034026 (2012)
| | \
-0.1 0 0.1
AC
ATLAS+CMS Preliminary LHCIOpWG \s=8TeV Sept 2015

tt asymmetry

ATLAS l+jets e 0.009 +0.004 +0.005
arXiv:1509.02358
CMS l+jets template HeH 0.003 + 0.003 + 0.003
arXiv:1508.03862
CMS l+jets —a— 0.001£ 0.007 £ 0.004
arXivi1507.03119
Theory (NLO+EW) 0.0111+ 0.0004
ATLAS I+jets boosted ] 0.043 £0.019 £ 0.026
(M >0.75TeV && A ly|| < 2) F T ' 1
ATLIASVCONF—ZUT 5-048
Theory (NLO+EW) 0.0160 £ 0.0004
| %) 0
| | |
—-0.05 0 0.05
AC
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Associated production of top and bosons at 8 TeV

* Measure couplings to bosons

* Important background for BSM

searches

* Analyses are performed in bins of the \ ‘ . é,/ VIR W/—<;
number of selected leptons (2,3,4) E "

* Different number of leptons — s
different admixture of ttW and ttZ ot |
processes

ATLAS: tt+W/Z [JHEP 11 (2015) 172 ]
* Four signal regions: opposite sign (OS) dilepton, same sign (SS) dilepton, 3 and 4 lepton.
* Further splitinto categories depending on jet multiplicity, number of b-tagged jets
and E{™ss, optimised individually to increase sensitivity.
* Fitfor ttZ and ttW simultaneously in a binned likelihood fit

CMS: tt+W/Z [JHEP 01 (2016) 096 ]
* Also performed in many channels with different numbers of leptons, jets and b tags
* Additionally: perform event reconstruction by matching jets and leptons to W/Z bosons and top
* Combineinto linear discriminant
* Choose best permutation
* Combine resulting match scores with kinematic quantities in BDTs 16



Asociated tt+W/Z production at 8 TeV established

tiZ cross section [fb]
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CR{ 2LOS

unc.

leptons

41

Z noZ noZ Z Z Z Z DF DF DF SF SF
Ob 1-2b 1-2b 2b 2b+ 2b+ 2b+ b 2b+ 2b+ 2b+ Ob 1b  2b+ 1b  2b+
3 4 5+ 5j+ 4+ 3 4+ 2-3
: 4
° 30+ i‘]eis +b tag:» 19.5 b (8 TeV) e >4 jels + b lags 19.5 1o (8 TeV) 600 B
5 & . onpromp :WZ 2z ([::lher g Nonprompt BWZ _ Other Bt o
Wool MtH ttw | tiZz * Data $ 25 _ _
= Post i cms | © tiz Hitw *Data s .
r (b) 20 Post-fit CMS
15_ (f) \l;i 60
: = 400
r . 15 § o
1027 b= z
% / 105 8 300 10l
E A 3
B A |
B G 200 30
C HN-F
e ———— e 2
g g: 100
3 0 G 10
e % 05 0 05 1 8o
{7 BDT 06 04 02 0 02 04 06 .
W BDT o 100 200 300 400 500

ttW cross section [fb]

* o(ttW) =369 *°°, fb - 5.0 obs. (3.2 exp)

* o(ttZ)=176*%, fb - 4.2 obs. (4.5 exp)

* o(ttW)=382""7_,,fb - 4.8 obs. (3.2 exp)
* o(ttZ)=242%%5,.fb - 6.0 obs. (5.7 exp)



Asociated tt+W/Z production

Events

Data / Pred.

Process 1t decay Boson decay ~ Channel
g ((éﬁlg)b))((fq_qbb)) giv S? cllimuon
yb)(LF v ty rilepton
at 13 TeV  ArLAs-conF2016-003 A
(Cvb)((Fvb) e Tetralepton
ttW: select events with (b) jets and 2 or 3 leptons (one same-sign pair)
ttZ: select events with (b)jets and 3 or 4 leptons (one Z -> Il candidate)
Diboson backgrounds from control regions:

— WHZ: 3 leptons, 1 Z candidate, 3 untagged jets [ ZZ: 41, 2 Z candidates, low MET
ATLAS Prelin%inary I 4-Data ! Wiz % 10° ATLlAS P‘reliminar‘y ! I ! "'Da"fa I-nz | =
I1s=13TeV,3.2 1" Wt mwz — & Is=13TeV,3.2 fo" [ [ mwz 3
Post-Fit 2z iz Post-Fit zz iz :

107 twz WtH — twz WtH
B Other Fake Ieptonsf 10? B Other Fake Iepton_g
s 7 Uncertainty E ) %/, Uncertainty ;
. 10 2 j -
"’ i ="'
— 1 =
r. E
TE 1 I I — 0 =2 l
- 57%-7 . /%///W E | ;79;//74/5//////%/ 0555 /////é///-;/ 554
0 3L WZC LZZC;? ,,022 ' é‘,uss o = SL- Wz 4LZZC;; ng4lz,b4L23b3 noz % s;:,b SF?b o;:,b DFeb
13 TeV o (ttW) o(ttz)
ATLAS 1.38 *+0.70 (stat) + 0.33 (syst) pb 0.92 * 0.30 (stat) + 0.11 (syst) pb
aMCatNLO 0.57 = 0.06 pb 0.76 £0.08 pb
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Asociated tt+Z production

at 13 TeV

Events

CMS-TOP-PAS-16-009

Process tf decay Boson decay ~ Channel
W (u*vb)(qgb) uEy SS dimuon

(CEvb)(E¥vb) t*y Trilepton

77 (C*vb)(qgb) e Trilepton
(E£vb)(£Fvb) e Tetralepton

Select events with 3 or 4 leptonsand at least 2 jets from full 13 TeV dataset
Data-driven estimates for non-prompt leptons, control regions for WZ and

L7

Binned likelihood fit to all categories, including nuisance parameters

CMSPreliminary 2171 (13 TeV) (SMS Preiiminary 2.71b" (13 TeV) CMS Preliminary 271" (13 TeV)
I 1 [72] I | | I I I ] w F B
-driven ] = € 6
501 Woaadiven | £ &7 E S °F -+ Data
- ez Q 80; i 1 4 iz
40F W ix 1 Y70 Bz E 5- mae -
L Drare 60 ) _E N Bl itX
i Bw: .ttx 4 Wz =
30 - + Data g S0 I:l rare E : :
r 40 = 3 .
20 30 .data-driven 1 -
E +Data 2: _:
10} 20 s # Z
.y 7 108 — R 1= &
o
80 85 90 95 100 2j(=0b) 2j(=1b) 3j(=0b) 3j(=1b) 3j(22b) 4(=0b) 4j(=1b) 4j(=2b) : :
m, [GeV] 2j(=0b) 2j(=1b)
Channel Expected significance | Observed significance
3¢ analysis 29 3.6
4¢ analysis 1.2 0.9
3¢ and 4¢ combined 3.0 3.7

o (ttZ) = 1.065_g 31370352 (stat.) _g 1420168 (syst. ) pb /aMCatNLO 0.57 + 0.06 pb
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tt+y (I+jets, 7TeV) [ATLAS PRD 91,(2015) 0720071

Sensitive to ty coupling and models with
composite top quarks and excited top quark
production (t* -> ty)

Selection: [+jets + high E; photon (E; > 20 GeV)

— Suppress misidentiedy : |m,, - m,| > 5 GeV
Prompt photons estimated from template fit
to photonisolation variable

Largest systematic uncertainties: jet energy
scale.

Fiducial cross section:
Oty X BR = 63 * 8(stat)*"7_;(syst) * 1(lumi) b
per lepton

Consistent with SM expectation
(Ciy = 48 £ 10 Tb).

First observation of the process 6=5.3 obs.

7/ \,

b-jet

b-jet

Events/ GeV

10

102

F ATLAS

7\

T 1s=7 Tev, J-L dt=459 "

Electron channel

-+ Data

[JSignal

[ v background i
[ Hadron fakes

Total uncertainty from fit _|

40 12 14 16 18 20

ps° [GeV]

ATLAS
18=7 TeV, jL dt=4591"

Electron channel ———
Muon channel ———
Combined e

Theoretical prediction ——

P BRI R |

LI B B B B |
—4— Data

l:l Theoretical uncertainty

76 . (stat.) %2 (syst) % 1 (lumi.) fb
55 7 (stat.) 7T* (syst) & 1 (lumi.) fb

63 £ 8 (stat) )7 (syst) &1 (lumi)fb

48 +101b

I L
-100 -50 0 50 100

P IR RS R
150 200 250 300
O'T?y x BR [fb]
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Flavour-changing neutral current

SM: no FCNC at tree level
(GIM suppression), BR ~
O(102-10"7)
t—u/c+X,X=g,v,Zand
H

BSM: 2HDM, MSSM, and
others, enhanced
couplings, BR as high as
107>

FCNC: t—qg at 8TeV, Not
possible in tt because of
multijet bck.

— t-channel single top
selection:

— 1lepton,1 b-tagged jet
and missing ET

— Neural network to

separate signal from SM
background

£ 120000/-15-8 TeV, 20.3fb"
[ Control region

K. Agashe et al., arXiv:1311.2028

Process SM 2HDM(FV) 2HDM(FC) MSSM  RPV RS
t— Zu Tx107'7 - - <1077 <1076 -
t—Zc 1x1074 <10°¢ < 10710 <1077 <107% <107°
t—gu 4x1071 — — <1077 <1076 -
t—gc 5x10712 <1074 <1078 <1077 <107% <1070
t—yu  4x10716 - - <107% <107° -
t—ye 5x10714 <1077 <107 <107% <1072 <107°
t—hu 2x10717  6x1076 - <107° <107? -
t—he 3x1071%  2x1072 <1075 <10~® <107° <107*

ATLAS, Eur. Phys. J. C (2016) 76:55

, HE Multi-jet
EZZ Uncertainty

Events /0.1

Z+jets, diboson

Data / Background

0.5 1

Data / Background

NN Output

NN Outpu.

! I !
\s=8TeV, 20.3fb™

— Observed
— - Expected
+1c

0.06

O gt * B (t—WDb) < 3.4 (2.9 exp)
B(t—ug)<4 =107
B(t—cg)<20x1075
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Flavour-changing neu

CMS-PAS-TOP-14-020
— t—Hgq—bbgandt— Wb

— |vb

— t— Hg— ZZq or WW(q
CMS-PAS-TOP-14-019

— t— Hg —yyq and

— t—-Wb —lvborqgb

CMS-PAS-TOP-13-017
— t— Hgq— ZZq or WW(q

Events / 20 GeV

andt — Wb — lvb
S Illl19?|fh(E-Te\.-')
400 CMS - Charge MislD
- Preliminary I Non-prompt .
350¢ B wWz-3h E
300F I Rare 5
- —t—>Hc (BR=3%) ]
250¢ « Data =
200 - 11| BG uncertainty

150F
100F
50

100 200 300 400 500
Hy [GeV]

Events

tral current

. CMS Preiminay_is =0 Tel; fL=tos 1
1000:— :?;t; B(t — HC) <116 %
—-fi+jets %
800/ 20 xt— uH_] (ObS) at 95/ CL
: Other bkg. - B(t > Hu) <1.92 %

600}
400/

200}

0- TS SRS Nl SRS SR Sy AR PR

t = uH sig. -

0 0102030405060.7080.9 1

Neural network response

B(t —» Hc) < 0.47% (obs) at 95% CL

(obs) at 95% CL

Similar results from ATLAS
(JHEP 12 (2015) 061)

B(t — Hu) <0.42 % (obs) at 9@4’%&“1;

—-CMS

10

(obs) at 95% Cl=

B(t — Hc) < o.gfg

R

Prellmlnary

600

signal strength r at 95% CL

| | |
hadronlc+leptonlc cha nnels

observed____

0.8 1 1.2 1.4
B (t—cH) [%] 22



Flavour-changing neutral current: Summary

ATLAS Preliminary

—_
TJTTTTH

13 m=175 GaV.

95% CL
excluded region

L LI

N
<
m

ZEUS (g=u) m=172 GeV

E_CDE m=175 GeV.
DO m=175 GeV

ATLAS | m=172.5 GeV

CMS

-
<
(4]

I IIIIIIII TTTIT

1
! I
I I
Im‘:ITZ 5 GeV I
I I
I I

107 CMS
m=1725Gev |
I (q=u) ((l:f)l
Lol L

H1 (q=u)

m=175 Ge\|

107

10 10°

—
O Frromm
&

CMS Preliminary, 8 TeV

107 1
Bt — qy)

102

March 2016

T J!IIIIII T IIIIIIII LI |

Phys.Rev.Lett 112 (2014) 171802
i, Brit— Z q)

arXiv:1511.03951

single top, Br{t—yu)
single top, Br{t—yc)

CMS PAS TOP-13-017
i, Br(t— H ¢}, H— WW,ZZ =

CMS PAS TOP-14-020

i, Br{t— H u), H — bb
fi. Brit—Hc), H = bb

CMS PAS TOP-14-019
ft, Brit>Hu), H »yy
ft, Brit>Hc), H =y

- 95% CL Observed Limit
— 95% CL Expected Limit
AR SRR TR M

[ +16 Exp.Limit
|:| +2a Exp.Limit

IIIIIII T IIEIHI[ I

IIIIIII 1 IIIIIFFI 1

10 107 10?

10" 1

Top decay Br (%)

BR(t— uH) BR(t— uy)
g AL ==Y N e L N @
1 107k LEP 1 11
£ e TEVATRON iz
107 = 3
z g
107 : —u! 1
10°F . q - . ]
Ly I " " k Il d d | d
L T T T T [ { ( T T T
107 ¥ 3
10 ATLAS 3 E
10 3 CMS £ Preliminary E
a 10 25 E S A4 a
3 3
2ot i 12
o [any
m i Mo M M Trrrnn P L Lol bl 4]
107" 10% 10 10* 107 10° 10™ 10° 102 107
BR(t— uH) BR(t— uy)
ATLAS Preliminary
BR(t— cH) BR(t— cy)
g L =77 N WAL, PV, [ AL, A g
1107k LEP i 11
G TEVATRON iz
10°% - 3
107 £ gq=c + £ 1
I I k " k i | L fl |
T T T T T [ T T i T T
10°F T 4
10 ATLAS E E
35 . 4
10 CMS Preliminary
10 x 1S
o (5]
Lot L i1
o o
m T T L e e e L Lean—Ld b Lnnent [51]
107" 102 10° 10" 10° 10° 10 10° 107 107
BR(t— cH) BR(t— cy)

Analyses assume all
anomalous
couplings are zero,
but one.

Still above SM
prediction, but
sensitivity to certain
BSM models getting
closer or even
already reached.

LEP, HERA, and
Tevatron, give
complementary
results that start to
be superseded by
LHC.
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Constraining the SM with the top mass

The top mass, the W mass and the Higgsmass  « Dijrect reconstruction methods

h i i
depend on each other > Full reconstruction by resolving the

pairing ambiguities (all channels
studied)

» Use kinematic constrained fitting to
improve the mass resolution

o Constrainthe light jet energy scale in situ
by using the W mass constraint

Direct mass measurement at Tevatron m(top) =
174.18 £ 0.64 GeV (july 2014)

Not an observable, i.e. scheme-dependent
* Pole-mass: viewing top quark as a free parton

* inclusive cross section (NNLO)
dependent on top-quark pole mass

T T T e T T

B j > Fit the mass with MC template fits or

| e event by event likelihood fits

ATLAS 7+8 TeV AN 1729+ 2.5 GeV
EPJ C74 (2014) 3108

o Methods very sensitive to the description
of radiation and JES uncertainties

ATLAS 7 TeV tt+1jet . 173.7+ 2.2 GeV
SRR
arXiv:1507.01769

gg;:;fz:::liminaﬂ 5 A 169.5+ 3.3 GeV
S 798 TePreliminary e 175618 Gev * Indirect methods
e N * Use the dependence on the top
165 170 175 180 .
m, [GeV] mass on other variables
o “ : Y.
MS scheme (“running mass”’): o Top pair cross section
i “MC maSS": (N)LO+PS yet different from 0 Lepton p_l_ and end-point methods
pole or MS mass o Invariant mass of the system J/W+lepton
fromW

o Decaylength of the b hadron

> Main issue: need of a lot of statistics
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CMS (MC) Top mass 8TeV

12000F
10000
8000
6000
4000
2000

Data/MC Permutations / 5 GeV

o —_
g o O

CMS

Lepton+Jets 19.7 b (8 TeV)

p—

After Pguf

| T T T
p—_— B Single t
Biome SR
t g B Z+jets
[Jttunmatched [ QCD multijet
e Data [ Diboson

selection

Lepton+jets, 19.7 b (8 Tev
‘ T T T T | T
+2D
* Hybrid
®1D

JSF

1.008
1.007
1.006
1.005
1.004
1.003
1.002

1.001

100

L
200

Ll
300

AR AR R R RN AR AR RN T
=
w

LN
o
o

| | 1
172.5

mt [GeV]

my fit type

m, [GeV]

All-jets channel 2D D hybrid

S5m0 (GeV) SJSF S5m0 (GeV) | om!™, (GeV)
Experimental uncertainties
Method ( alibration 0.06 0.001 0.06 0.06 2D _

m¢Z® =172.14 = 0.19 (stat+JSF) £ 0.59 (syst) GeV

- JEC: Inmrnllhrmnn <001 <0.001 +0.02 +0.02
—JEC:In situ calibration —0.01 <0.001 1023 +0.19 JSF =1.005 + 0.002 (stat) +0.007 (Syst)
- JEC: Uncorrelated non-pileup +0.06 —0.001 ~0.19 ~016
- JEC: Uncorrelated pileup +0.04 <0.001 0.08 0.06
Jetes T8Y resolution -0.10 +0.001 +0.03 +0.02
b tagging +0.02 <0.001 +0.01 +0.02
Pileup —0.09 +0.002 +0.02 <001
Backgrounds ~061 ~0.007 ~0.14 ~020 (0]} tot= 0. 6 2 G eV
Trigger +0.04 <0.001 -0.01 <001 (o)
Modeling of hadronization
JEC: Flavor-dependent
~ light quarks (u d s) +0.10 —0.001 —0.02 +0.00
—charm +0.03 —0.001 —-0.01 —0.01
~ bottom —030 +0.000 ~0.29 —029 . .
ow oz e | 2D fit uncertainty comparable to
b jet modeling
~b fragmentation +0.08 —0.001 +0.03 +0.04
- Semileptonic b hadron decays  —0.14 <0.001 -013 —0.13 WO r'I d avera g e
Modeling of perturbative QCD
PDF 0.06 <0001 0.03 0.03
Ren. and fact. scales +0.29 +0.16 0.005 £ 0.001 0.19+0.11 S o
ME-PS matching threshold £0.18+0.16 —0.002+0.001 +012+0.11
ME generator —0.04£020 —0.002+0.002 —0.18+0.14 1D _ 6 6
Top ok oo Goon . sos m,'® =172.56 + 0.12 (stat) £ 0.62 (syst) GeV
Modeling of soft QCD hyb J F
Underlying event 1027 £025 —0.002£0002 F013E018 +0.14£0.18 m - 7 35 + 6 ( + S ) + 48 ( y )
Color reconnection modeling ~ +0.35+022 —0.003+0.002 +0.14+0.16 +0.16+0.16 t 172. t0.1 Stat to. S St
Total systematic 0.95 0.011 0.62 0.59
Statistical 0.33 0.003 0.23 0.24
Total 1.01 0.011 0.66 0.64

CMS

Phys. Rev. D 93, 072004 (2016)

All-jets, 18.2 fb™ (8 TeV)

ATLAS, CDF, CMS, D0

arXiv:1403.4427

= 1000F ' ' 1
8 I . tf correct D Background 4
> 800- . tt wrong; ¢ Data -
- - % ]
0 L % 4
— F After P___selection -
S 600- gef =
o) L ]
> F ]
Y 4000 ]
s 15
~
« 1 Y
[1) 0.5 2L - P
o 100 200 300 400
i
m" [GeV]
L I T T T LA B B B
CMS 2010, dilepton ® 175.50 + 4.60 + 4.60 GeV
JHEP 07 (2011) 049, 36 pb’ (value + stat + syst)
CMS 2011, dilepton —— 172,50 £ 0.43 = 1.43 GeV
EPJC 72 (2012) 2202, 5.0 it (value + stat = syst)
CMS 2011, all-jets T 173.49:069: 121 Gev
EPJC 74 (2014) 2758, 3.5t (value * stat * syst)
CMS 2011, lepton+jets 173.49 = 0.43 + 0.98 GeV
JHEP 12 (2012) 105, 5.0 16" (value * stat + syst)
CMS 2012, dilepton — 172.82 + 0.19% 1.22 GeV
This analysis, 19.7 fb"" (value + stat + syst)
CMS 2012, all-fets - 17232 £ 0.25 £ 0.59 GeV
This analysis, 18.2 fb"" (value * stat + syst)
. -~
CMS 2012, lepton+jets 172.35+ 0.16 + 0.48 GeV
This analysis, 19.7 fb”" (value * stat + syst)
CMS combination e 172.44 £ 0.13 = 0.47 GeV
(value * stat + syst)
Tevatron combination (2014) ol
arXiv:1407.2682 174.34 + 0.37 + 0.52 GeV
(value * stat + syst)
World combination 2014 —

173.34 £ 0.27 £ 0.71 GeV
(value * stat £ syst)

165

170

175

180
m, [GeV]
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ATLAS (MC) top mass

* Eventselectionsimilar to CMS lepto
result.

n+jets

— Separate eventsinto 1 b tag and >2 b tags.

lepton+jets channel at 7 TeV

Eur. Phys. J. C(2015) 75:330

|
(
|
{
~

Signal + background fit to data

600[—

% ATLAS . (liata, I+}ets 1
. o . 9 s=7TeV. 46fo! === Best fit background
* Reconstruct ttbar system with kinematic 2 soo- > TV — Bestit -
likelihood fit. £ 100 + {neerany
— Improves purity and assignment of reconstructed 200
jets to partons.
* Template-based approach with observabes: 200
reco reco : b had b
My, %, M and R, (ratio of p;*"dand p; 100
lep Wiet1+2) Y
over p; ) s
. . . reco d 30 140 150 160 170 180 190 200 210 220
- In-Sltu Cahbrat!on Of J ES (mW ) an Systematic uncertainties Am, (GeV) m+mreco [Ge\/]
bJ ES (qu), FEIatIVE tO Udsg. Jet energy scale 0.58 L% gy - ﬁ:‘:::z:::fbéb ‘
b jet energy scale 0.06 ———— 1o stat. cont. comb. fit
m, = 172.33 = 0.75 (stat+JSF+bJSF) e . oo 1
+ 1.02 (Syst) GeV Detector modeling 0.58
JSF =1.019 £ 0.003 (stat) + 0.027 (syst) Method and backgrounds ~ 0.33 1.00}- -
bJSF = 1.003 £ 0.008 (stat) = 0.023 (syst) Signal modeling 053
Total 1.22 0.08l ATLAS B
(s=7 TeV, 4.6 fb
S R M B e s e 71 13: 173 172 175
NEW ATLAS result on the G oo e koround 10TV 2027 . Migy [GeV]
§2] [ — Best fit ] °
dilepton channel at 8 GeV £« = trenam | | Combined result:
(paper in preparation) o 1| (+7 Tev dileptons)
200 o | Meop =172.84 £ 0.34 (stat)
[ J | 4
Myop = 172.99 * 0.41 (stat) + 0.74 (syst) GeV'” || £0.61(syst) GeV,
084 GeV in total O 803610612040 —1e0 | 0-70 Gev’ 0'4/’ relative.

e [GeV]
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CMS + ATLAS m,,,, (MC)

LHCTOPWG precision of 0.3%

ATLAS+CMS Preliminary LHCIOPpWG  m,, summary,/s = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]

stat

total uncertainty total stat

My = 173.34 £ 0.76 (0.36 & O‘6=?) GeV Mep total (statt syst) 5 Ref
ATLAS, l+jets () I—l—l—l-—| 172.31+£1.55 (0.75+ 1.35) 7 TeV [1]
ATLAS, dilepton (%) —t—=— 173.09+ 1.63 (0.64+ 1.50) 7TeV [2]
CMS, I+jets e+ 173.49+1.06 (0.43+0.97) 7Tev 3]
CMS, dilepton ot 172,50+ 1.52 (0.43+ 1.46) 7TeV [4]
CMS, all jets l—-l—b—+—| 173.49+1.41 (0.69+1.23) 7 TeV [5]
LHC comb. (Sep 2013) I—l-'!-|—| 173.29+ 0.95 (0.35+ 0.88) 7 TeV [6]
World comb. (Mar 2014) -+ 173.34+0.76 (0.36+ 0.67) 1.96-7 TeV [7]
ATLAS, l+jets = 172.33+£1.27 (0.75+1.02) 7 TeV [8]
ATLAS, dilepton I-—-[—--|—| 173.79+1.41 (0.54+1.30) 7 TeV [8]
ATLAS, all jets —ea—14 175.121.8 (1.4£1.2) 7 TeV [9]
ATLAS, single top I—l—I—l—_—l 172.2+2.1 (0.7£2.0) 8 TeV [10]
ATLAS comb.(:‘f;‘;tif';ﬁ_ e | 172.99+ 0.91 (0.48+ 0.78) 7TeV [g]
CMS, l+jets HeH 172.35£0.51 (0.16£0.48) 8 TeV [11]
CMS, dilepton et 172.82+1.23 (0.19£1.22) 8TeV [11]
CMS, all jets e § 172.32+0.64 (0.25+0.59) 8TeV [11]

CMS comb. (Sep 2015)

precision of 0.3%

(*) Superseded by results
shown below the line

| ] ] ] ] I

Lo oi

1

]
[3] JHEP 12(2012) 105
[4] Eur.Phys.J.C72 (2012) 2202
)

[5] Eur.Phys.J.C74 (2014) 2758

HvH 172.44+ 0.48 (0.13+0.47)
Mscowzmaoqs [7] arXiv:1403.4427
g [2] ATLAS-CONF-2013-077 8] Eur.Phys.J.C {2015) 75:330

7+8 TeV [11]

[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055
[11] CMS PAS TOP-14-022

165

170

175

|
180

Mg, [GeV]

185

Analysis combined using BLUE,
accounts for correlations between
all uncertainties.

CMS combination
Meop = 172.44 £ 0.48 GeV

ATLAS combination

(OLD) my,, = 172.99 + 0.91 GeV
(NEW) m,,, =172.84 + 0.70 GeV
(not in the combination plot)

Tevatron combination
Miop = 174.34 + 0.64 GeV

Total uncertainty is now well
below 1 GeV
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top mass: Indirect Measurements

Access to top quark pole
mass directly

» difference between MC &
pole mass O(1 GeV) (A.
Hoang: arXiv:1412.3649v1)

* Pole Mass from tt+1 - jet
events @ 7 TeV (ATLAS)

JHEP 10 (2015) 121

* My, from Production
Cross-Section

— (Cantake advantage of \

low backgrounds of eu
channel

Sensitivity not as strong
asin direct
measurements

Systematic uncertainties

typically larger

CMS: arXiv:1603.02303

ATLAS: Eur.Phys.J). C74

(2014) 3109

* Measurement of oy
together with NNLO
theoretical prediction
allows for extraction of
the pole mass (m,,,)

Cross-section [pb]

800 LA
® Data

S “UF arLas 3
>~ 700 T me —
b E Vs=7TeV,4.6fb" L]t m=1725Gev 3
S 600 . I Background =
3 5005_ %% Uncertainty _E
= oL 7 =
400E % » E
300 =
200F- e =
/ 100~ | —
0:' L BT I S BT NI [ i S R 1
pole
. L L ‘|H'|"H|"H|H‘ﬂ(mt
o C
_E' 1 /._( o, * M) - yy L
«© ; +’ ¢ T ;
% 0' 1 1 1 1 1 1 1 1 I "1

Extracttop quark
pole mass directly
using differential tt-
+1-jet cross-section

1 dogeiset

pole
apS) = (m apS)'
Otirlec dPs !
2my
Ps= —F——
VSt+1-et

Lored(m.’ Gﬁ)
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mP¢ = 1729722 GeV
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Summary

* Top quark physics is a pillar of the current research program in HEP and
provide stringent tests of pQCD . Both the CMS and ATLAS collaborations cover
a wide range of top-related topics, as previously Do and CDF did.

* Keyto QCD, electro-weakand New Physics

> ldeal probe for constraining (directly + indirectly) the symmetry breaking of the SM
o The topis way heavy — the Higgs scalar mostly couples to tops

> ldeal probe for looking for new physics beyond the model itself
o Via precision measurements or direct searches for new signals

* Resultsin agreement with SM predictions
» Spin correlations
» Charge asymmetry

» Associated production, observation of tt+y, tt+W/Z, important to study top-
Higgs couplings.

» No signs of FCNC
» Top mass:
» Direct measurement, giving excellent precision below 0.5 GeV

» Indirect measurement (pole mass) precision below 2 GeV and compatible with
direct measurement.
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Charge asymmetry: dilepton channel

Inclusive distribution unfolded @ parton level
2 0S¢, > 2 highp;jet, = 1b, large E,Miss

Asymmetry defined with decay leptons and
reconstructed tops

Top reconstruction using matrix weighting
technique

— Regularised unfolding to parton level
— Differential measurementin m(tt), |y(tt)|,
pT(tt)
CMS 8 TeV: arXiv:1603.06221, sub. to PLB

Ac =[1.1+1.3 (stat+syst)]%
SM pred: (1.1 £ 0.04)%

Aep" = [0.3 £ 0.7 (stat+syst)] %
SM pred: (0.64 + 0.03)%
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CP asymmetry in ttbar events

 No observable CP violationin

CMS TOP-16-001

tt productionin SM Oz =€ (P, po+ pp e Pjt) = o (Bs + 7) - (P X )
(P violation sign of new physics Os = Qe (P, pi e Pit) == & Qe - (B % )
* Probes Qf CP violationin tt 04 = Qe (P, py — Py Pir 1) % & Q (7 — ) - (Fe X Fit)
production: . 07 = q- (ps— Ps) € (P, Pbo ) > o (B — Pi), (o X Fp),
— Four observables are chosen with
asymmetryin presence of CP
vic))llation y P ACP (O) . prents (Oi > U) _ Nﬁ‘ﬂ!fﬁ (Of < 0)
;) =
— Distributions are probed in 8 TeV Nevents (O > 0) + Newents (Oi < 0)
data 1
3 CMS Preliminary 19.7 b (8 TeV)
197 fb" (8TeV) i : —4— tt events + 1o (stat.+syst.)
A F CMS B et c;hannel o 2F —4— Before background subtraction
S ?gi Preliminary —4+ Data < - ~= Estimated background
S 4 0 SM it 1
= 16& [ SM non-tt - I
x 14 I 1o, Stat.+Syst. 0 m+ ,,,,,,,,,,,,,, s TR _
® : !
C C
o -1 .
kT - No deviation wrt
-2 SM predictions
-3 : |
e+l e u
O, O; 0,
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Measurement of colour flow with the jet pull angle in tt events using the
ATLAS detectorat 8 TeV Physics Letters B (2015) 475493

The distribution and orientation of energy inside jets
is predicted to be an experimental handle on colour

=¢-¢J[

connections between the hard-scatter quarks and — TR ol
gluons initiating the jets. P -

e Constituent of J; (size weighted by pr)
LY

The pull angle is measured for jets produced in tt” Ay =y -y,
events with one W boson decaying leptonically and — _—
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Fraction of events / 0.05

Flavour-changing neutral current

ATLAS: JHEP12 (2015) 061

e tt production witht — Hq->
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Top mass M; in GeV

200 |

150

more insights coming from top physics

V()= - o o+ A (070 + Y vy "y ¢

A now known at NNLO QCD. Vacuum meta-
stability when the minimum of V(®)is just local
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Constraining the SM

Can use the fact that m,, m,,, m are linked at loop level to constrain the SM

t
» The Higgs/symmetrybreaking sector can be exploredwith w4 w
Soe . N

b

acmy

H
—-v‘ w

FUVY VU VU

acln(my)
my,=my,(m¢, log(my))

68% and 95% CL contours

S T T | T T T
I i mworld comb. + 15
hiy e m, =173.34 GeV

The top quark also provide other direct constraints to the model

> Direct access to parameters of the SM (m,, Vy,)
» Other stringent tests of SM (QCD in do/dX, couplings, CPT invariance,...)
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