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TOP QUARK MASS
* Direct measurements / template methods (measuring “Monte Carlo mass”)

* Standard channels: single lepton (7 TeV), dilepton (8 TeV) and all hadronic (8 TeV)
* Indirect measurements aiming to measure m,,, in a well-defined scheme (“pole mass”)

TOP QUARK PROPERTIES

top quark decay width

top quark couplings
to W boson = W helicity measurements
to gluons - probe spin correlations
to photons = top quark electric charge (tt+y)
to Z boson-> top quark weak isospin (tt+Z/W)
to Higgs boson - top quark Yukawa coupling [covered in Higgs talks]

OUTLOOK

All ATLAS results on top quark physics can be found in:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
Only a selection of latest measurements is presented.

Charge asymmetry and CP violation in top quark decays are not shown due to time constraints.
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Top mass measurement: template method — single lepton

Single lepton channel, Vs = 7 TeV, 4.7 b

Selection: one lepton (e/u), E1 s, 24 jets, 21 b-tagged jet (75% eff.)

Reconstruction: kinematic likelihood fit (using b-tagging info.)

Template fit (3D) using mreeo, = f(my,,, JSF, bJSF),
l mreco,, = f(JSF), and

essential to reduce systematic
uncertainties, especially from jet
energy scale (JES)

Eur. Phys. J. C75 (2015) 330

Rreco,, = f(bJSF) = 2p(b)/Zp+(q) with a weak m,,, dependence
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Top mass measurement: template method — single lepton
Single lepton channel, \s = 7 TeV, 4.7 fb™" Eur. Phys. J. C75 (2015) 330

Selection: one lepton (e/u), Et s, 24 jets, 21 b-tagged jet (75% eff.)
Reconstruction: kinematic likelihood fit (using b-tagging info.)

Template fit (3D) using mreee, = f(m,,,, JSF, bJSF), . “iri?" ¢
mreco,, = f(JSF), and @/g _

Rreco,, = f(bJSF) = 2p(b)/Zp+(q) with a weak m,,, dependence

Gauss+Landau function for signal, Landau for background mm

mreco op
© 600 amiae T T data tets | ] _—
(\: Vs=7 TeV, 4.6 fo 5= Best f!t background m w 2G 2G
£ 500 —— Best fit = Rreco G+L 2G
o Uncertainty bq
" 400 ! .
Single lepton 7 TeV:
300 Mo, = 172.33 ¥0.75 (stat+JSF+bJSF) £1.02 (syst) GeV
200 =172.33 ¥1.27 GeV
0.7% rel. unc.
100 JSF = 1.019 +0.003 (stat) £0.027 (syst)
bJSF = 1.003 +0.008 (stat) £0.023 (syst)
30 140 150 160 170 180 190 200 210 22¢
M [GeV]
- Main uncertainties: JES, ft modeling.
- Improvements wrt. 2D-fit: bJES 0.88 GeV (2D) - 0.06 GeV (3D)
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Top mass measurement: template method — dilepton ch.
Dilepton channel, \'s = 8 TeV, 20.2 b Phys. Lett. B761 (2016) 350
Selection: two OS leptons, Z-mass veto, =2 jets, 21 b-jet (70% eff.)

take 2 b-jets with highest b-tag weight,
assume lowest average m,, = correct pairing P
enough statistics = further quaility cuts: p; of Ib system > 120 GeV /\ b

Uncertainty vs. py,

The optimisation significantly reduces the total uncertainty.
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Top mass measurement: template method — dilepton ch.
Phys. Lett. B761 (2016) 350

Dilepton channel, Vs = 8 TeV, 20.2 fb-"
Selection: two OS leptons, Z-mass veto, =2 jets, 21 b-jet (70% eff.)

lowest average m,, = correct pairing mreee, € (30,170) GeV

> T T T T T T T T T T
p; of Ib system > 120 GeV S ATLAS e 7.5 GeV
' ' 10 —172.5 GeV
Template fit using my, | 3 ol Cirrscev ]
Gauss+Landau function for signal, Landau for background & ¢ - —
> ILE LA B L LN LU L B EO-%_— ]
O) 500__ e Data ATLAS 1__ o
N R 1% background Vs=8TeV,20.2fb" 1 z
@ - = Best fit ) e —— :
& 400 Uncertainty . 51— E
i [ ] - 08 E
300 ] 40 60 80 100 120 140 160
N ] m<° [GeV]
200f - | Dilepton 8 TeV:
- 1 | My, =172.99 £ 0.41 (stat) £ 0.74 (syst) GeV
100~ - | 0.5% rel. unc. (most precise single meas.)
ok

40 60 80 100 120 140 160 Comb. dilepton 7+8 TeV & single lepton 7 TeV:
mee [GeV] | Myop = 172.84 +- 0.34 (stat) +- 0.61 (syst) GeV

Uncertainty dominated by: JES, bJES and | 0-4% rel. unc. (improvement by 17%)
MC modelling (hadronisation and ISR/FSR) | correlations of estimators for all syst. unc. evaluated
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Top mass measurement: template method — all hadronic

All hadronic
Selection: 0
dPhi(b,-,bj) >

channel, Vs = 8 TeV, 20.2 fb-" arXiv:1702.07546

leptons, E;,is<60 GeV, 26 jets (25 with p;>55 GeV), 22 b-jets
1.5, <dPhi(b,W)>> 2.0
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Two Rs,, measurements per event (p=0.59)
taken into account in final m,,, stat. unc.
Dominant uncertainties:

16 18 2 22 24 26 28 3 32 34

0.7% rel. unc.

my,, = 173.72 * 0.55 (stat) * 1.01(syst)

40% improvement compared to 7 TeV result

JES (0.60 GeV), bJES (0.34 GeV) and hadronisation (0.64 GeV).
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pole from lepton and dilepton differential cross-sections

mtop

Dilepton channel, Vs = 8 TeV, 20.2 fb™’ ATLAS-CONF-2017-044
Selection: e+u OS, Z-mass veto, 22 jets, 21 b-tagged jet

Observables: lepton (pr;, |, Pret Prm» Ect E ) & dilepton (Prem s Mg s [Yeml, Ader,) diff. dist.
—> Insensitive to detail of modelling the hadronic part of the decay
Pole mass extraction from templafe fits (NLO+PS samples), and
from fixed-order predictions (MCFM samples with diff. PDF)
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L o01C t S - ¢
5 gls data stat. error = I {Eviniens
) E ] <@ C
& = o : 1 e =2
E  Qbe-—o—0g 00— - = %
§ = 3 09— —

0.05 - - - | Data uncertainty .

u ] 08,/ Scale =

-0.1F = O\ PDF ]

C . 0.7 =111 AlphaS —

- — : — e R S N T [ T T S T NN T T YT ST SN TN SN T TN T SN TN N T B
0.15 - 0 50 100 150 200 250 300

_0-2 :_I 11 1 | 111 1 | 111 | I L1 1 1 | I I 11 | I_: Dilepton p:’”’ [Gev]

0 50 100 150 200 250 300

Dilepton p:“ (GeV] Dominant uncertainties: limited data statistics,

experimental systematics and theoretical unc.
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pole from lepton and dilepton differential cross-sections

mto

p
Dilepton channel, Vs = 8 TeV, 20.2 fb-"! ATLAS-CONF-2017-044
Selection: e+u OS, Z-mass veto, 22 jets, 21 b-tagged jet 5\\%\/{&'}

Observables: lepton (pr;, |, Pret Prm» Ecot E ) & dilepton (Prem s Mg s [Yemls Ader,) diff. dist.

The combined result is: m,,, = 173.2 £ 0.9(stat) £ 0.8(syst) £ 1.2(theory)
The spread in the individual results is about 6 GeV.
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Summary top mass: road to < 0.3 GeV precision

Summary of latest “direct MC mass measurements”
Channel (/) Value Stat Model Background Experimental Total

All-jets (8) _ 173.72 055  0.70 I 0.16 0.19 0.71 £ 0.04  1.15 (0.66 %)
Lepton+jets (7) 17233 075  0.53 + 0.11  0.31 +0.00  0.82 + 0.08  1.27 (0.74 %)
Dilepton (8) 17299 041  0.35+0.09  0.08 + 0.01  0.64 & 0.04  0.85 (0.49 %)

(Experimental uncertainties) ~ (modelling uncertainties)

» Worthwhile trying other mass reconstruction methods than direct mass

* New approaches in standard and alternative channels in template method:
single top, JA in final state, soft muon tagger,
secondary vertices with leptons, MVAs, etc.

» Other approaches to measure pole mass:
tt+jets or 2D differential distributions

tt — (bev)(bqq), M(qq) = mw, M(bqq) = my,

SATLAS

A EXPERIMENT

* Need more control of event generators

e.g. parton shower, hadronisation, ISR/FSR
* Precise (and in-situ) calibrations of the energy
scale of inclusive jets (JES) and the relative
b-to-light-jet energy scale (bJES) are vital for
precise measurements of m,,,
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Top width direct measurement (model independent)
Single lepton channel, \s =8 TeV, 20.2 fb-! ATLAS-CONF-2017-056

Selection: one lepton, 24 jets, 21 b-tagged jet

Reconstruction: kinematic likelihood fit (using b-tagging info.)
Events split into 8 regions: (e/u) x (=1b, 22b) and (In;|<1,|n;ee|>1)

Template fit using m, for the leptonic branch and « Data
. . : - 1 tt signal
AR in(b,q) (P-jet and c_losgst light Jet)_ for.the hadronic branch = Background
- templates created by Breit-Wigner reweighting Uncertainty
R L —I‘"'I""I""I""I""I'—..(B - l ' l I 1 'I I l l I
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Tyop = 1.76 +0.33(stat) *079 o . (syst) GeV for m,,,=172.5 GeV w [GeV]
— Consistent with SM I, (SM) ~1.32 GeV Dominant systematics: JES,
= First direct top width measurement in ATLAS (rel.prec. 50%) | JER and signal modelling
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Top quark couplings

Top quark couples to other SM fields through its gauge and Yukawa interactions.
t->Wb coupling measured already at the Tevatron.
High statistics at the LHC.: tt+bosons (y, Z, W and H) becomes available!!

* Observation of tt+y/Z/W processes by both ATLAS and CMS with LHC Run1 data.

* Not yet for tt+H process but getting close... (Run1 LHC Higgs combination: 4.4 o)

W helicity, R=B(t>Wb)/B(t=>WQq),
single top, top decay CP violation and different single top
(Wb vertex) quark measurements

More details in talk from
W Markus Cristinziani
tt+Z. _ .
Top charge top Z o BB

H

&X\A
ol

Differential cross-sections
(spin correlations,
charge asymmetry)

+ )4 coupling, how to measure it?
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Top Yukawa coupling

tt+H covered in Higgs talks
and Shuyang Hu'’s poster




Top coupling to W boson (Wtb vertex)

Flavour changing charged current ... and neutral current

P Wtb b ¢ L ? tgq
t’ Z‘ —-‘v—-{L ,":Nv( +
W/ w \E _—-<
Flavour conserving neutral current > th
P tgt m_r’< ,- ;'
p tZt :/ 4 th
t "_{

> tyt —9—{
¥

P tHq

) 7Y

P tHt
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Top coupling to W boson: W helicity fractions in tt events

Test V-A structure via angular observables = W helicity fractions EPJC 77 (2017) 264
W bosons from top quark decays > 3 possible polarizations: longitudinal, left and right handed
1 do 3 3 2 3 2
— =2 (1—=cos?0*) Fy + = (1 —cos0*)° Fr, + = (1 + cosf*)* F down-type
o d cos 6* 4( ) 0+8( ) L+8( T ) R fermion
6,* angle between down-type fermion (charged lepton or down-type quark) from W o AN,
and reversed direction of top quark, both in the W boson rest frame. /
- — -1 _
Single lepton ch., .\/s 8 TeV, 20.2 fb NNLO OCD caleulation F, = 0.687 + 0.005
Event reconstruction with KLfitter _ F, =0.311 + 0.005
. . : : Phys.Rev.D81:111503,2010 "L~ V-211 =Y.
Helicity fractions extracted using template fit Fg = 0.0017 + 0.0001
Two analyzers: leptonic and hadronic i :

Leptonic: [e+y] x [= 2b] > most sensitive [ Leptonic analyser (most precise) "\
.H %r ni 3 [ +IJ 1 x [_1b +>2b] F,=0.709 £ 0.012 (stat.+bkg.norm.) £ 0.015 (syst.)
.Hadronic: [e _ M LT _ F,. =0.299 £ 0.008 (stat.+bkg.norm.) + 0.013 (syst.)
Overall combination: similar to leptonic Fr = -0.008 + 0.006 (stat.+bkg.norm.) + 0.012 (syst.)

2ok e —— PoL ==0.55, por==0.75, p, = +0.16

£ ouf I Main uncertainties: JES, JER, signal modellin

z N g g J

°
>
\
\

o

coupling

Re(Vg)  [-0.24, 0.31]
S e Re(g)  [0.14, 0.11]
j"'-:!)lal ' '4)I.6' ' '4)I.4' ' '4)I.2' ' '(I)' ' '0!2' ' '0{4' ' 'ofel ' IO!BI ' 'A1 Re(gR) [-002, 006], [074, 078]

cos 6*

o
o
®

"

o
=}
>

o
o
=

o
Q
™)

o
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Top coupling to gluon

Flavour changing charged current ... and neutral current
> Wtb b

¢ . ? tgq
»—{f L__,_.< LW( ; :
W s N\i m".<
%

Flavour conserving neutral current > th

TR =

P tZt P tyq -o—{
O

> tHt __,_/ > tHq .
i—b—-/
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Top quark coupling to gluon: probe spin correlations

anti-top

1 d2o

- Top quarks produced via strong interaction are unpolarised,
but top and antitop spins are correlated (sensitive to new physics).
- Double angular distribution for decay products stores all information:

t & anti-t polarisation tt spin corr

cosoOab, : 6 angles:
2 |lepton directions
in top/anti-top parent
rest frame w.r.t

3 spin quantization
axes (aorb)

Dilepton channel, Vs = 8 TeV, 20.2 fb™!
Selection: Two OS leptons,

Z-mass veto, 22 jets, 21 b-jet

Event reconstruction using

neutrino weighting.

JHEP 03 (2017) 113

1/9/17

o d cos Oid cos 6%

» k: top quark direction in tt rest frame
* » n: | to k & laboratory beam direction *
»r:1tokandn

= Z(l + BY cos 65 + B® cosb® — C(a,b) cos 04 cos 6°)
a,b={k,n,r} +=top decay -=anti-top decay

15 spin density
matrix elements

%8;'30000:_||||eé||||__ _-'"I"'I"'I"'I'"I"'I"'I"'I"'I"'— -'"I"'I"'I"'I"'eII:L"I"'I"'I"'I"L
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Top quark coupling to gluon: probe spin correlations

& 1.6__ icle level
UnfOId Cosea,bi & Cosea+ Coseb- °=§+1'4§_ ';T:':iev 20.2 fb™ F‘:E::)l:vHEG-h PYTHIA6
with Bayesian scheme, §r1a
marginalize sys N T“L
1 0oL b
: +
C(a,b) = —9{cos 6% cos#”) o A
B® = 3(cos %) I
JHEP 03 (2017) 113 558-21: frobo

108060402 0 02 04 06 08 1

Top polarisation~0 dB~3-4%

0C/C~20-30%

cosh’ cose”

5(XC)~8-17%

ATLAS /s=8TeV-20.2fb" ATLAS /s=8TeV-20.2 b’ ATLAS /s=8TeV-20.2fb"

Polarisations 4 POWHEG-hvq+PYTHIA6 result + (stat+det) £ (mod) Spin correlations ¢ POWHEG-hvq+PYTHIA6 result + (stat+det) £ (mod) Cross correlations ¢ POWHEG-hvq+PYTHIA6 result + (stat+det) + (mod)

B'j ~—e4~  0.125 + (0.029) + (0.025) C(n,k)+C(k,n) —_— 0.024 + (0.098) + (0.085)
. C(k,k) ——e 0.172 + (0.058) * (0.050)

B: —- 0.119 + (0.031) + (0.021) C(n,k)-C(k,n) —_— -0.047 + (0.071) + (0.065)

B} —e - -0.025 + (0.031) + (0.027) C(n,r)+C(r,n) —4—————— 0.113 + (0.091) + (0.108)
C(n,n) #—e—— 0.472 * (0.045) + (0.065)

B" - 0.023 + (0.028) + (0.036) C(n,r)-C(r,n) —_— -0.030 + (0.090) + (0.077)

B - -0.104 + (0.033) + (0.030) c(r,r) 031 + (0.071) + (0.124) C(r,k)+C(k,r) ——a—— -0.187 + (0.089) + (0.122)

Bf — -0.110 * (0.031) + (0.050) C(r,k)-C(k,r) ——4-o———  0.047 * (0.097) * (0.082)

1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 L | L 1 1 | L L 1 | L L L | 1 L L 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
-0.4 -0.2 0 0.2 0.4 06 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
3<C0s0> -9<cos6,cos0,> -9<cos0,cosb, + cos6,cos6 >

All measurements are in agreement with the SM.

iff f lati
Systematic uncert. dominated by signal modelling. C(n,n) differs by 5o from zero correlation
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Top coupling to /Z/H bosons

Flavour changing charged current ... and neutral current
> Wtb b

py : b > tgq
£ 1 —: ,‘L"/vv</ ¥ . % . ¢
;w/ W Y >— t :; m"-<
¥ 9 %
Flavour conserving neutral current ? tZq ,

t + %
R e S
Z 2
) P tyr
P tZt . \\@‘ t
t OO ¥
- L A q:

-y

ol
o

O
P tyt . ' -
N & e
t \(\\\@0 g\o‘ &
> tHt " RO
o
e” Y —
OANRTANCN
NI :
\o\) e(\
e
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Top coupling to photon: tt+y

L = = T T T T | T T T T | T T T T | T T T T
e First observation (5.3 o) Wlt.h 7 'I_'eV (_:Iata | ATLAS NLO prediction based on
- measurement performed in a fiducial region . PRDS3 0T 07018
within the ATLAS acceptance (as p;¥ > 20 GeV) stat total
- non-prompt photon contributions data-driven S
- template fit to track isolation distribution of photons 8 Tev 2021
- systematics limited, dominant sources: Thiswork ' ToTH
jet energy scale, photon, signal modelling, b-tagging ’
] . ] ] Vs=7TeV 4.59 b’ . —i .
e First differential measurements with 8 TeV data PRD91(2015) 072007 1 —
in photon p; and || arXiv:1706.0304 |
" " L] . 1 1 | | | 1 | | | | 1 | | | | 1 | | |
- fiducial cross-section: rel. unc. 13% (~ theoretical pred.) 0.5 1 15 g om
= T T T T T T T T T T T T 'g‘ RN I L I I L I LI LN I L R i; L
& ATLAS 1 3 180-ATLAS EINLO Pred. O 10*c ATLAS ® Data E
P {s=8TeV,202f" 4 £ 160-{s=8TeV,202fb" § Data(Stat) 2 5=8TeV,202 " Wi
gk Single lepton channel 3 £ 140fSingle lepton channel ¢ Data (Stat.+Syst 2 Single lepton channel ey Fakes
° J = I Prompt y Bkg
%"’ = NLO Pred . %’" 20 103 [ Hadronic Fakes
# Data (Slat;) E 00 77 Uncertainty
¢ Data (Stat+Syst) J ]
1w = E
- 20 ' D _
oL & = 0 I | [ A T | | | |
8 by B 4FT = 5 T
S of - e R < 'w%% A "W
8 %50 0 150 200 250 300 & ° 02040608 1 12 14 16 18 2 22 a8 g:g) RSN W T W[ TR T 1 '20
Photon p_ [GeV] Photon Pr° [GeV]
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Top coupling to vector bosons: ti+Z/W

tt+W and tt+Z are rare processes - could be modified by new physics
> Important irreducible background for ft+H(multilep), new physics (VLQ, SUSY, etc)

(predicted cross section NLO QCD ~ 600-800 fb each @ 13 TeV). YH(CPM — 45C3M)
CoM = T3 — 2Q,sin*(Ow)

— t \J\N\, z t t o _ 79

' Direct measurement of top

N coupling to Z gauge boson

v\, W in tt+Z production via FSR.

tW (ISR) #Z(ISR) "' “ttZ(FSR)
Process tt decay Boson decay Channel
Many experimental signatures. n _ n :

Most sensitive channels HW £ ('Li vb) (iqb) K i’/ 5SS .dlmuon

explored in latest ATLAS results ((=vb)(£Fvb) v Trilepton

(3.2fb-1, 2015 data): 7 ((£ub)(qqb) VoA Trilepton
EPJC 77 (2017) 40 (£Fvb) (£Fvb) Ay Tetralepton
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Top coupling to vector bosons: tt+Z/W

Sample statistics, S/B ratio and dominant backgrounds vary across different channels
for each of them, several SRs (lepton flavour/charge, nJets, nBjets) and CRs (WZ, Z2)

Channel | Sub-channels | Characteristics _| Main cuts __| Main background

SS dilepton uu targets ft+W =2 b-tags, fake leptons (from tt events)
Eq miss derived from matrix method (DD)
in control sample with 2| OS+SS
and looser lepton requirements

Trilepton tt+Z (W) enriched small sample size, =21 b-tag leptonic decay WZ (fake leptons)
good S/B Z mass (veto) One,WZ CR is included in the fit;
angther is defined for validation
Tetralepton tt-> same (diff.) very small sample 1-2 OSSF ptonic decay ZZ (rare SM)
flavour size, excellent S/B  pairs One ZZ CR is included in the fit
Faras T Vo Wi J8 o anas V| s Bz ]
[ Vs=13Tev,3.21" [Htw Bwz

:_ Vs=13TeV, 3.2 1" Fake leptons 7/ Uncertaintyf

¢ 4L-ZZ-CR

16— —:

18

Events / 10 GeV
Events / 2 GeV

25~ 3L-WZ-CR [z Pother -

Fake leptons 7/ Uncertainty:
20— . 14 -
121

101

@ w LA

non-prompt £ (from tt)
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Top coupling to vector bosons: tt+Z/W

— Cross-sections obtained from combined profile likelihood fit to signal and control regions

§ 10° aTLAS ® Data 2015 |Iﬁz = ey I L L R S RN RN RN R
. E (5=13TeV,321b" [T Bz 3 = - ATLA *  ATLAS best fit N
[ Post-Fit Nz Mother 5 —— ATLAS 68% CL ]
L Fake leptons VAUncertainty_ g 2-5_ ------ ATLAS 95% CL ]
10 E 3 3 B m % NLO prediction ]
b . 2 L % 9 HiZ theory uncertainty |
. G 2~ % {7 HtW theory uncertainty |
10 —~ = . . .
: 1,50 B -
1= : i
107" = 0.5_— | -
E 1 1 - ! I SRS ]
I — o the TR B R R Y- Y S R
ttW cross section [pb]
o -
_AG/_ o (%), ‘ tt+Z ‘ tt+W AUncertainty Oizz Oaw
Significance Luminosity 2.6% 3.1%
ATLAS 2012 32%, 4.20 26%, 5.00 Reconstructed objects 8.3% 9.3%
Backgrounds from simulation 5.3% 3.1%
MS 2012 27%, 6.4 1%, 4. .
D AL 0, B4 Sy GO Fake leptons and charge misID  3.0%  18.7%
ATLAS 2015 32%, 3.90 only uu 53%, 2.20 Signal modelling 2.3% 4.2%
(31% stat.) (48% stat.) Total systematic 11% 22%
CMS 2015+2016  14%, 9.90 15%, 5.50 Statistical 31%  48%
(stat ~syst. unc.) (stat ~syst. unc.) Total 32% 53%
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Flavour changing neutral currents

Flavour changing charged current
> Wtb b

P tgt g,-’.’<‘ﬁ , %
t :‘é’
> tZt :
i
B b
> tyt -»—{
¥

P tHt i'_,_/

.. and neutral current

? tgq
9
P th
; : |
>
P tyq
¥ i
%
Z?” :x 27LQ\
*(\
P tH\q ‘ 66('6 2\%
% o © \QQ
SRS
Z%GQ\O
H oo
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Run | LHC top FCNC searches

FCNC are forbidden in SM at tree level, strongly suppressed by GIM mechanism at higher orders
- Powerful probe for new physics BSM can enhance FCNC production.

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS Enteri ng reg ion sensitive to flavour
[11 JHEP 12 (2015) 061 [2] arXiv:1610.04857 subm. to JHEP . A . .
LHCtopWG [3] JHEP 04 (2016) 035 [4] EPJC 76 (2016), 55 violating Yukawa coupling in 2HDM
November 2016 [5] arXiv:1610.03545 subm. to JHEP [6] EPJC 76 (2016), 12 /
[71 CMS-PAS-TOP-12-039

Each limit assumes that L —
all other processes are zero Theory predictions SM HDM(FC)
from arXiv:1311.2028 DMSSM E] RPV ERS

. | e W 4| ATLAS CMS
e 7 »» = =l BRO0Y) | 5113 Tev | (74)8 Tev

Do
t=Hu | e | t>Hc 46/22(y) 40
t—yc i o m| t=2Hu 45/ 24(yy) 95
t=yu a| 27C - 17
t—gc _____g t%)/u - 1.3
7e ; t > gu 0.4 0.2
- 2t (6] t =2 Zc V4 4.9
A T (R R B B Y R R T e I rw o S R t > 7y 7 29
107"° 107" 107" 1077 107 107

Branching ratio
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FCNC t>qH in tt events

FCNC t->H(all)q, t5,,2bW
JHEP12(2015)061
(Vs = 8 TeV, 20.3 fb™")

H > WW, tt, ZZ
- multilepton final states
- reinterpretation of tH search

H - bb

- dedicated analysis

- split events into several regions
(ndets, nBjets)

- sophisticated MVA techniques

H 2> vyy
- limited by data statistcs

BR t>Hc < 4.6x10-3 @95% CL
BR t>Hu < 4.5x10-* @95% CL

FCNC t-2H(yy) q, ts,,2bW
arXiv:1707.01404 5\\\5\/?\';;
(Vs = 13 TeV, 36.1 fb-1)

- Two modes for tg,,:
« Hadronic: 2 photons, 24 jets, 21 b-jets
* Leptonic: 2 photons, 1e or 1, = 2 jets
- Cuts on m(trcpnc) and m(tgy,)
- For each of mode, two categories:
passing full selection / failing only tg,, mass criterion

- 4-channels combined: pggr t>H(yy)c < 2.2x10- @95% CL
BR t>H(yy)u < 2.4x10-3 @95% CL

e Data E
----- Continuum bkg. 7
,,,,,,,,,, +SMHiggs 1 107k E
— +tocHyy) ] E —

Events / 2 GeV

900 110 120 130 140 150 160

+ 20
) N R x10°
10 5

m,, [GeV] RB(t— cH)

- Compatibility of channels: 2.3c
- Statistics limited. Dominant systematic uncertainties:
JES, ME generator and radiation modelling
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The top quark is the heaviest fundamental particle, leading to unique properties from both the
theoretical and experimental sides - sensitive to new physics in production and decay

> Precise measurements of the top quark mass and couplings may provide insights on the

underlying mechanism for EWSB and whether or not the top quark plays a role in it.

All measurements are in good agreement with SM predictions

* most of the measurements: systematically limited (experimental unc. ~ modelling unc.)

* largest experimental unc. stem from the calibration of the jet and b-jet energy scales

* largest modelling unc. are due to hadronisation and ISR/FSR radiation.

ﬁn measurements (rel. precisions achieved in ATLAS)

. Top quark mass: MC mass (0.4%) and pole mass (1%)
.~ Top quark width (first direct measurement: 50%)

~Most precise W-helicity measurement (2-5%)
. ft+y cross-section (13%)
@+Z/W cross-sections (30%, 50%)

~

»Spin observables (full spin matrix, 15 observables, 3-30%)

/

{CNC searches

Decay: t=2qH, t 2qZ
Production: qg=> t

Entering region sensitive to

in 2HDM

flavour violating Yukawa coupling

~

/
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Top mass measurement: template method — single lepton

Single lepton channel, \s = 7 TeV, 4.7 fb™" Eur. Phys. J. C75 (2015) 330
Selection: one lepton (e/u), MET, 24 jets, 21 b-tagged jet (75% eff.) bejet
Reconstruction: kinematic likelihood fit (using b-tag info.)

Template fit (3D) using mee°,, = f(mtop, JSF, bJSF),
mreco,, = f(JSF), and

jet

Rreco,, = f(bJSF) = 2p(b)/zp+(q) with a weak m,,, dependence

essential to reduce the
systematic uncertainty,
especially from JES

> L I I I B I LIS g > =3 T T T T T 3
@ 1200— . datal+|els,>1b — © 1200~ o datal+|ets >1b — DY s S L L R -
N - ATLAS CJtfim =1725Gev] &  [CJtim =i256ev  ATLAS 1 S sooot ATLAS o data '+le1t_72>:;bv_‘
> - Vs=7TeV, 4.6 fb" I Singlé top 1 £ 1000 N Singl€ top Vs=7TeV, 46" 1 £ E p [Jtt,m_=172.5Ge E
@ 1000 W sjets 4 5 C W sjets ] S 1800F Vs=7 TeV, 4.6 fb [ | Slngle top 3
e ¢ 2 Z +jets 1 0 r Zsets 4 @ 1e00F M- W jets 3
w800 wwwzzz F o wwwzizz . 1400E- v
C I NP/fake le| g C - NP/fake lep. b = IWZ/Z E
g op- . 600 X Uncertainty _, 559 - 1200F- BN NP/fakelep. |
600p =% 25 Uncertainty . : e ] 1000:_ B Uncertainty =
400 ] 4001~ - 800 E
] r . 600 =
] 2001 ¢ 3
200 3 . ] 400 3
0 200 -
s 60 70 80 90 100 110 B =
030 140 150 160 170 180 190 200 210 22¢ e [GeV] 05 1 15 2 25 3
mie® [GeV] "
g 14 |

(&} 1.4i S 1.2 LE)

= 12 = 14 3

s '3 I T O P 8 o8] 5

‘DU 0.8 ¥ Y > b 0.6} [a]

o8 80 70 80 90 160 110
130 140 150 160 170 180 190 200 210 220
mrece, ¢ (130,220) GeV mrece, ¢ (50,110) GeV Rreco, ¢(0.3,3.0
top ’ W ’ bqg ’

1/9/17 Maria Moreno Llacer — Top quark mass and properties measurements 30



Summary of latest ATLAS top mass measurements

~Relative precisions: MC mass (0.4%) and pole mass (1%)

mi -1 -1
ATLAS Preliminary  m,, summary - May 2017, L =4.617-20.31b
in
kX
' m,, + tot. (stat.+JSF +bJSF + syst.)
en;Hgt‘s‘E“" P:z';;°75‘2°‘5“58 - & 175t.I:I + 1.8 (14 +12 )
int = 7 1
ctS single top* CONF-2014-055 L = , a 1722 + 21 (o7 +20 )
Lim=20.3fb 1
1
*—) l+jets Eur- Phys. 4. C75 (2019) 330 e e 1723 + 1.3 (02 +02+07 +10)
Ly =471 1
1
— dilepton Eur-Phs: J. 075 (2019) 330 I—IHhI—I 1738 * 1.4 (o5 +13 )
Ly =471 .
*—> dilepton Phvs. Let B761 (2016) 350 [N - 173.0 + 0.8 (04 +07 )
L, =202fb 0
all jets aXivi1702.07546 I—I-I—H—I—I 1737 £ 1.2 (os +1.0 )
* L =202 1
1
I
ss” '
“PO\e ma . c(tf) dilepton " Phys.J.(:7_:1(2014)3109 n : 1729 + 22
norma“se L, =4.6-20.3 fb .
- 1
from T | dist. [ offetien rer e = ’ - ] 1737 + 23
- int . . . . . 1
fferentia Normaliged differential lepton distributions ! 173.2+-1.6
\ L
es .
(Shap ATLAS Comb. June 2016 phys. Lett. B761 (2016) 350 . World Comb. £ 16
172.84 + 0.70 -+l - stat. uncertainty
1 .
World Comb. Mar. 2014 (arxiv1405.4427) ¢ ~———— stat. ® JSF @ bJSF uncertainty
S” 173.34+0.76 " = total uncertainty
“N\C mas Tevatron Comb. Jul. 2014 (arxiv:1407.2682) \ *Preliminary, —Input to ATLAS comb.
pinations 174.34+ 0.64 , =
com I I : I I
165 170 175 180 185

mtop [GeV]
X covered in this talk
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mtop

Pole from lepton and dilepton differential cross-sections
ATLAS-CONF-2017-044

Py 23 m#  pt+ph  E°+EF
¥ /Ngof 9/8 5/7 11/10 11/6 8/8
mP*° [GeV] 169.735 175119 174573% 1703+2.1 168.5%33
Data statistics +2.0 +1.4 i +1.4 +2.3
Expt. systematic 23 +0.9 i ’_“i:g +2.0
PDF uncertainty +0.5 +0.1 + 1.1 +0.5 +1.4
QCD scales +1.1 Ry +2.6 iy +0.7

Table 15: Measurements of the top quark mass from individual fits to the lepton pff and dilepton p;” , m#, pT + p',;
and E¢ + E* distributions, using fixed-order predictions from MCFM with the CT14 PDF set. The y? value at
the best-fit mass for each distribution, the fitted mass with its total uncertainty, and the individual uncertainty
contributions from data statistics, experimental systematics, and uncertainties on the predictions from PDF and

QCD scale effects are shown.
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Pole from lepton and dilepton differential cross-sections
ATLAS-CONF-2017-044

mto

p

CT14 MMHT NNPDF3.0 HERAPDF2.0 ABM 11 NNPDF nojet
HF = PR = My/2
X2 [Naot 71/68 70/68 67/68 67/68 71/68 64/68
mP®° [GeV] 173.5+12 1734+12 1732+1.2 1729+ 12 1728*%3  173.1+1.2
Data statistics +0.9 +0.9 +0.9 +0.9 +0.9 +0.9
Expt. systematic o +0.8 +0.8 +0.9 o +0.8
PDF uncertainty +0.1 +0.1 S +0.1 +0.1 +0.4
QCD scales +0.1 +0.1 Y +0.1 +0.1 +0.0
KF = pr = Hr /4
X* [Nao 69/68 67/68 64/68 61/68 66/68 60/68
mP° [GeV] 1736+1.3 173.4+13 173213 1736+ 13 1737413 1732 *13
MF = ugr = ET/2
X2 [Naof 71/68 70/68 66/68 64/68 68/68 64/68
mP® [GeV] 174714 1745715 174313 173.6%15 1734712 174.0 113

Table 16: Measurements of the top quark mass from combined fits to all eight lepton and dilepton distributions,
using fixed-order predictions from MCFM with the CT14, MMHT, NNPDF 3.0, HERAPDF 2.0, ABM 11 and
NNPDF 3.0_nojet PDF sets, and various choices for the central QCD factorisation and renormalisation scales ug
and pg. The upper section of the table gives the results for ur = ug = m;/2, showing the XZ values at the best-
fit mass for each PDF set, the fitted mass with its total uncertainty, and the breakdown of individual uncertainty
contributions from data statistics, experimental systematics, and uncertainties on the predictions from PDF and
QCD scale effects. Uncertainties given as ‘0.0’ are smaller than 0.05 GeV. The lower parts of the table give the y?
values, fitted mass and total uncertainty for alternative scale choices of ur = ug = Hr/4 and Et/2.
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Top coupling to W boson: W helicity fractions in tt events

Test V-A structure via angular observables - W helicity fractions

W bosons from top quark decays = 3 possible polarizations (helicity fractions): longitudinal F
1 do 3 left-handed F

* 3 %\ 2 3 *\ 2
odcosf* 4 (1= cos™0") Fo—i—g(l—cosH ) FL+§(1+COSH )" Ir right-handed Fy

6,* angle between down-type fermion (charged lepton or down-type quark) from W
and reversed direction of top quark, both in the W boson rest frame.

down-type
quark

g—i—
Single lepton ch., Vs = 8 TeV, 20.2 fb™! —t AR PR AN

Event reconstruction with KLfitter ‘V /

He||C|ty fractions extracted USing template fit Leptonic analyser Hadronic ana'yser
Two analyzers: leptonic and hadronic

- two measurements per event
.Leptonic: [e+u] x [ 2b] = most sensitive

) AL L L I L L L L L B

. Hadronlc: [e+p] X [1 b + 2 2b] E 018 ATLAS Simulation Preliminary M+ 24-jets, > 2 tags -4 2 '_‘ T lll ‘ ‘.l H .l|.y CrrTTErTTEE AT Tl
= F --+Right handed 1S 0.14— ATLAS Simulation Preliminary ﬂﬁ;';lte;sa.nzdi‘;ags—
> o6l ! - - Left handed =
§ 0'16: \s=8TeV Leptonic analyser —LGgita:di?\al 1 B \s=8 TeV Hadronic analyser -Left r!and.ed
= 014 o 8 o —Longitudinal  _|
. . . 5 oaf 1 E B
Overall best combination: 2 i g !
. R = 01— —
same as leptonic F
0.08— ! ! —
R B o
Co A ]
006} | I e T -]
. 0.04— R -
EPJC 77 (2017) 264 oot : e
I [
o e e b b e b b L L 0.02 wesi
— 08 06 -04 02 0 0.2 0.4 0.6 0.8 1 b b b Iy | I T |

N
)
IS
N
ol
il
o
o
o
©

o | | | [
cos 6* -1 08 -06 -04 -0.

1/9/17 Maria Moreno Llacer — Top quark mass and properties measurements 34



Top coupling to W boson: W helicity fractions in tt events

o 7000 :_ATLAS — Best

; — Leptonic analyser [ Background
<, 6000 [Ldt-2021", 5=8Tev * Data

— L

§ 5000 e+jets (= 2 b-tags) utets (= 2 b-tags)
L

12IlIIIIlII[IllI]IIII]IIII'IIII'IIII'III
. . i 5

¥

o 117 iy !

EPJC 77 (2017) 264

NNLO QCD calculation F, =0.687 = 0.005
Phys.Rev.D81:111503,2010 F_ =0.311 £ 0.005
Fr =0.0017 = 0.0001

Leptonic analyser (most precise)

F,=0.709 £ 0.012 (stat.+bkg.norm.) + 0.015 (syst.)
F_=0.299 + 0.008 (stat.+bkg.norm.) + 0.013 (syst.)

Fr =-0.008 + 0.006 (stat.+bkg.norm.) £ 0.012 (syst.)

- ,
L§ 188 / K f? wi M /f’..«: pO,L = _0.55, pO,R = _0.75, leR = +O16
B - | e A i A S Al : . . .
QO 47 s o 05 ' 05 0 05 1 Main uncertainties: JES, JER, signal modelling
cos 6"
; : . é 1'DZJ"'”-AS 99.7% CL
A general extension of the SM Lagrangian for Wtb vertex: e 05.5% OL
0.8 f Ldt=202 o= W 68.3% CL
g - + g - i0g + Na osu
Ly, = ——= ity " QI/L_PL +VePpJu, W ——= i, &PL +ggPgr)u, W' +hc| 06VS=8TeV _
\2 —~ N2 T M - _— : EFTitter
v \ // 0.4:_ VL= 1
SM = V Vy,~1 Vr=9,=9r=0 0.2 Va=0
95% CL limit 0.0F CG=>
Re(Vg)  [-0.24, 0.31] 0ok
Re(g,)  [-0.14, 0.11] ] | | | | .
Re(gr)  [-0.02,0.06] [0.74,0.78] ¢ 04 02 00 02 oa
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Spin correlations

Doubly differential cross section:

1 d’o
o dcos0,dcos 0,

=% (1+(exP),cos0,%=(x P),cos0,—C cos0,cos0,)

= o spin analyzing
power of decay product i;

. spin analysing basis
lepton neutrino neutrino P 4 e

b ,’
6 : direction of daughter e
I . b-jet boost to top quark rest frame \ ,l
wrt. chosen axis >
b-jet
= P: polarization
top quark
« C spin correlation; C= Aa1a2 lepton
b lepton d u

N
a,(L0) 041 100 1.00 -031| A=
a,(NLO) -039 0998 093 -0.31
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Flavour changing neutral currents

s,d,b
Top quark decays ————> Charged current decays:
l BR(t—bW,sW,dW) ~100%, ~0.2% 0.01% ! q.0
W
Flavour changing neutral currents (FCNC) q,v

are forbidden in SM at tree level, strongly suppressed by GIM mechanism at higher orders
- Powerful probe for new physics BSM can enhance FCNC production.

Process 2HDM(FV) 2HDM(FC) MSSM RPV RS u, ¢ U, ¢
t = Zu < 10—7 < 10—6
-9t Ze <10°° <1071 <1077 <10 <107% ¢ Ly TV
CR togu - = <1077 <1076 -
O — 3 _ - _ _ 5
= t—ge <10% <1077 <108 <1070 g, (%, v g
eF 29 Lo
52 o <10°% <10 W u, ¢
2 S toe <107 <107 <108 <10° <10°° ’
¢ © t— hu 6x 106 - <107% <10°? - A ,
. t t Y. b, W
-3 < -5 < -5 < -9 < ~4 AN
t — he 2 % 10 <10 <1075 <10 @ ) {
-> Latest ATLAS searches in decay (t->Xq) and production (pp—=>tX) gl .6 W

FCNC top decay: t>Hq FCNC top decay: t2Zq FCNC single top production: qg->t
t->H(yy)q arXiv:1707.01404  Eur. Phys. J. C76 (2016) 55  Eur. Phys. J. C76 (2016) 55

(Vs =13 TeV, 36.1 fb™) (Vs = 8 TeV, 20.3 fb) (Vs = 8 TeV, 20.3 fb")
t>H(all)q JHEP12(2015)061

(Vs = 8 TeV, 20.3 fb-!)

1/9/17 Maria Moreno Llacer — Top quark mass and properties measurements 37



New FCNC t->gH(yy) results

teene>aH(yy) with q = c,u, tgy=>bW with W=jjlv, Vs =13 TeV, 36.1 fb-’

- Two modes for tgy:

« Hadronic: 2 photons, 24 jets, 21 b-tagged.
* Leptonic: 2 photons, 1e or 1, = 2 jets.
- Invariant mass combinations with kinematic compatibility with two top quark decays.
- For each of the modes, two categories: events passing full selection
events failing only tg), mass criterion
- Main backgrounds: yyj, Xy and Xyy (X: W,Z,ttbar) and ttH(=>yy).
- Fit S and B to data: m,, distributions [ yyj bkg. shape from SHERPA, signal from MG5_aMC@NLO]
- Dominant systematic uncertainties: JES, ME generator and radiation modelling

-

(2] 1 T T T T T T T I

T | T T T T T T T | T T T T
ATLAS Vs=13TeV, 36.1 fo

arXiv:1707.01404

> 40 __I T T LA R N B B B B B B B |1 T —] (@) E
8 - ATLAS Vs =13 TeV, 36.1 fo’ ] t — cH(yy) ]
o 355_ e Data —_ i
2 30 | L LT e Continuum bkg. J 107" E .3
e g ({11 e + SM Higgs C S% .
= 25 — + 1t — cH(yy) .
20 = |
- . 102 =
15 — - —e— Observed ]
C ] - --e- Expected ]
10 . o |
- m +20 P
C 3 Sl T s 10
5F = 107 5 2 3 4 5
= HadronicI category 2I | | | b B(t— cH)
900 110 120 130 140 150 160 BR(t%HC) < 2.2x10-3 @95% CL
My [GeV BR(t2>Hu) < 2.4x10-3 @95% CL
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Top quark couplings: towards a global fit (EFT)

The effects of new physics at a scale A can be described by an effective Lagrangian

* These operators can induce corrections to SM couplings (e.g. eff Cs
£ . FO(I; + e oo

may originate anomalous couplings of the top quark to the

gauge bOSOﬂS). O, = dim 6 gauge invariant operators
* Effective vertices, V=W, Z, H, vy, g: C,=complex constants

- need to identify which operators contribute to each process

Process O Ow Ow OS()) OS(), Opt Oty Oy Og O
t— bW — bltv N L L L

pp — tq N L L L

pp — tW L L L N N N
pp — tt N L L L
pp — tty L L N L L L
pp — ttZ L [ L L L] N L L L
pp — ftth L L L L L
99—+HH—=y N A N L

\\o Opt. Opq3, Opqr - ttZ vertex
@ Ouv,Op - ttZ and ttv vertices

o O,c - ttg vertex
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EFT operators

Standard model deviations are described by higher dimensional operators:

(6) _ @) Y S o
SM — ESM T — A2 O; + ... Interference SM-BSM Pure BSM term
i C, CiC;
i (1) iV (2)
o=o0g) + o’ + g,
M Z (A/1TeV)? g« (A/1TeV)*™
]IcDirT;ension ?( o;r)lergtors relevant 0% =i3u? (¢ Dle) @rr'Q)
or top quar sics.
P9 Py /’ 0% =i3v? (‘Pf(Bu‘P) (@7"Q)
modify vector and axial A ou=ite (¢ D) @1
coupling of top to EW O = 397 (¢ D ) (Br0)
gauge bosons Ow = Y9u(Qo* T t)gWj,

Oww = Ysguw (Qo**71b) W1,
Ois = Y19y (Qo*t)@By
O, Ow: EW dipole operator O = ytgs(Q_U“uT_At)cﬁG;‘}u

O,: chromomagnetic O = (w*so)(Qtiﬁ)
dipole operator Oty = i(¢' D) (Ey#D)

Oc = g, fAPCGAvGBrGSH
Opc = g (¢'¢) G1, G

4-fermion ops

1/9/17 Maria Moreno Llacer — Top quark mass and properties measurements 40



Searching for the tiniest signals: very challenging

Virtues: - Most of these analyses entering regime of
results being systematically limited !!

Many possible final states to consider!
- Recent developments in theory community:

Challenges: . NLO QCD+EW corrections to tt+H/Z/W
* low production cross section . NLO QCD corrections to t+H
« a priori many handles against backgrounds . off-shell effects in tt+H production

with large theoretical uncertainties! - beyond NLO QCD: soft resummation

- Implementation of latest theoretical
developments is crucial to reduce uncertainties.

Q' jgu a0 ATLAS Preliminary B ey
b s o Run 1,2 y5=7,8,13 TeV LHC pp Y= 7 TeV
-.:1--'r<> BBl Data 45-49f0!
10° ol LHC pp Vs=8 TeV
10° roEe oo AN Dpata 203!
° LHC pp Vs=13 TeV
103 pryiz o n3t n"‘;"o o BEM  Data 008-36.1fb"
102 o(pb) 8TeV 13 TeV
10 tt+Z | 0.206 0.839 (£12%) 3.7
1
t+W | 0.232 0.601 (£13%) 2.4
1071
02 tt+H 0.129 0.5085 (£13%) 3.9
n2 H -
10 Bgdll | ~250 ~830 3.3
PP tﬁ Y w z tt t VV 7Y H WWyiw iz tiy Wu Zuwwznwnww ZyjiWVii

KKKKK
fid. fid. fid. fid. tot. tot. fid.  fid. fid. fid. tot. tot. fid. ﬁd Ild. Iol. fid. fid. fid. fid. fid.
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Top coupling to Higgs bosons: tt+H

* Indirect constraints on the top-Higgs Yukawa coupling can be extracted
from channels involving the ggH and Hyy vertices
(assumes no new particles in loops).

* tt+H process allows for direct measurement of top Yukawa coupling
> allows probing for New Physics contributions in the ggH and Hyy vertices.

Many possible final states to consider!

Need to find the best combinations of top and Higgs & [ ~ 7 T
decay modes to isolate the signal. 2 g ATLAS b
g - (s=7TeV,4.5-47 1" }I :
© - s=8TeV, 203 fb" . :
Several channels depending on the final signature £l A i Ob:ewed W
> distinctive final states with high jet/b-tag multiplicity ¥ "% & " gy Expected E
> different analysis regions with very different strategy i ’ :
H->bb (BR=58%)  dominant mode but 102 z{ 3
large background : 1 ]
b
H>WW, ZZ, tt : : 3

103 —
(BR=30%) multilepton final state 0 T -

Hovy (BR<0.23%) L BU! ™

it a2 e clean signature 10 1 10 10

Particle mass [GeV]
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Top coupling to Higgs boson: tt+H

* Run 1 ATLAS+CMS Higgs combination:
ttH significance of 4.4 0 (2.0 o expected)

Events /0.2

Ratio to Bkgd.

» Excess in both ATLAS and CMS py, = o/ogy,
« coming from ttH multilepton analyses

W_ 1

-.:I_:‘ WW_ ! —

— TT - !_
bb-nu||n||I||||_|h|||||n|||||||||

-6 4 2 0 2 4 6 8 10
¢ - B norm. to SM prediction

One of the hlghllghts of Run 2 physics program
10 lE_ATLAS Prel|m|nary -¢—Data
1s =13 TeV, 13.2 b ttH (u  =4.0)
W —261)
|:|Background
7/, Bkgd. Unc.
-+ Bkgd. (u=0 fit)
|

TTT

10°

10*
of

10° ignal

IIIIIII T IIIIIIIl T IIIIIIT] T IIIIII T

ttH (bb) Combined
Dilepton and Single Lepton
Post-fit

P IR RARS I RR U AN BRI R

T

JHEP08(2016)045
ATLAS and CMS -8- ATLAS+CMS
LHC Run 1 - ATLAS

-+ CMS

R —+1c

— i —+2c
————
_+r_
T—
e
* 1]
 ————
> :
v ==
.
+ =
! e
e
l | | | | |

IIII|IIII|IIII|IIII L1111 111 1111 L 111 1111 L1111

-05 0 05 1 15 2 25 3 35 4

-1

Parameter value

Projections with full 2015+2016 dataset:
very close to ttH evidence (30) !

. \
a\ys‘\ng it w

% NOW’ an

00 (558) " Top quark mass and properties measurements 43



Search for tt+H (H->bb)

ttH (H->bb) signal produces 1 or 2 leptons and 6 or 4 jets, 4 of them b-jets

- Very challenging final state affected by large systematics:

tt+jets, tt+heavy flavour modelling, b-tagging, JES

- Categorize events according to the # jets and b-jets = control and signal regions
- Build multivariate discriminant in signal-enriched regions
- Signal-depleted channels play a key role constraining systematic uncertainties

- Analysis relies on a profiled likelihood fit, in order to constrain in-situ the leading systematics

Background composition

Single lepton

rd

high statistics,
constraint on
overall ttbar
normalisation
and modelling

4j,2b

5j,2b

wie

4j,3b

“

5j,3b

“iv

4i,4b

5j,=4b

=6j,=4b

ATLAS
Simulation

my = 125 GeV

\'s =8 TeV

[ ti+light

[ ]tt+cc

I tt+bb

[ ]tt+V

_\E non-tt

constraint uncertainties on
ttbb and ttcc normalisations

1/9/17

Maria Moreno Llacer — Top quark mass and properties measurements 44



Search for tt+H (H-> multilepton)

Best fit values of the tt+H signal strength

Prefit predictions and observed data events

2¢ OThad

241 Thad

37

47

Combination

ATLAS Preliminary {s=13 TeV, 13.2fb"
—tot. - gstat. tot (stat, syst)

+1.7 +1.2 +1.2
F=o-H 0.5 s (G0, 543)

+2.1 +1.2 +1.7
F=e—=— 4.0 7, (47, 43)

+3.6 +2.8 +2.3
p————i=]
6.2 5, (53, 32)

- < 2.2 (68% CL)

F-o=- +1.3 +0.7  +1A1
2.5 -1.1 (—0.7’ —0.9)

| |
0 5 10 15 20 25
best fit uﬁH for m =125 GeV

e Most analyses are still statistically limited,
main syst. from non-prompt and charge misID
e Run1: u=2.1*14 __ , (excess in yy and 3¢)
e Reinterpretation of results as a BSM signal?
multilepton+bjets+MET final states

2 T
c 90
2 ATLAS Preliminary E DatWa 5 tt g /(Sl\;l)
= . tt tH(zly*
s =13 TeV, 13.2fb”
80 : ] 3Tev. 13210 7] Diboson (2] Non-prompt
re-fit Il QMisReco []Other
7or 7/, Total Uncertainty
60 +
50 4
7
40f
7
op )
0 VN
10
2 2 2
f(?z}?ad [S5) foz};'gd S/ fo%d//l 7
Uncertainty Source A
Non-prompt leptons and charge misreconstruction +0.56 —0.64
Jet-vertex association, pileup modeling +0.48 -0.36
1tW modeling +0.29 -0.31
1t H modeling +0.31 -0.15
Jet energy scale and resolution +0.22 -0.18
ttZ modeling +0.19 -0.19
Luminosity +0.19 -0.15
Diboson modeling +0.15 -0.14
Jet flavor tagging +0.15 -0.12
Light lepton (e, 1) and th,q ID, isolation, trigger +0.12 -0.10
Other background modeling +0.11 -0.11
Total systematic uncertainty +1.1 -0.9
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Top coupling to vector bosons: tt+Z/W

Sample statistics, S/B ratio and dominant backgrounds vary across different channels
for each of them, several SRs (lepton flavour/charge, nJets, nBjets) and CRs (Z+jets, WZ, ZZ)

Channel | Sub-channels | Characteristics _| Main cuts __| Main background

SS dilepton uu targets ttW =2 b-tags fake leptons
Trilepton ttZ (ttW) enriched small sample size, =21 b-tag leptonic decay WZ, (fake leptons)
good S/B
Tetralepton tt-> same (diff.) very small sample  1-2 OSSF leptonic decay ZZ (rare SM)
flavour size, excellent S/B  pairs

—

31

non-prompt £ (from tt) WZ(+HF)
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Top coupling to vector bosons: tt+Z/W

Sample statistics, S/B ratio and dominant backgrounds vary across different channels
for each of them, several SRs (lepton flavour/charge, nJets, nBjets) and CRs (Z+jets, WZ, ZZ)

Channel | Sub-channels | Characteristics _| Main cuts __| Main background

SS dilepton uu targets ttW =2 b-tags fake leptons (from ttbar events)
derived from matrix method (DD)
in control sample with 21 OS+SS
and looser lepton requirements

Trilepton ttZ (ttW) enriched small sample size, -, rrrprr ey (ONS)
[0 - 3 _
good S/B 0 | ATLAS ® Data2015 [tz i
o -
S 127 fs=13Tev, 32" [Mw Bwz .
: 2 - 7z Other
Tetralepton tt-> same (diff.) very small sample g _ b , ]
flavour size, excellent S/B ' 101 Fakeleptons 77 Uncertainty
—_ 8 — v
i 1 Tew
6_— | —rew
L 1
41— —
— ’ -
non-prompt £ (from tt) 21> ®—|
O III|III|III|IIIIIII|III|I I|I |

0 20 40 60 80 100 120 140 160 180 200
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Top coupling to vector bosons: tt+Z/W

Sample statistics, S/B ratio and dominant backgrounds vary across different channels
for each of them, several SRs (lepton flavour/charge, nJets, nBjets) and CRs (Z+jets, WZ, ZZ)

Channel | Sub-channels | Characteristics _| Main cuts __| Main background

SS dilepton uu targets ttW =2 b-tags fake leptons
Trilepton ttZ (ttW) enriched small sample size, =21 b-tag leptonic decay WZ, (fake leptons)
good S/B One WZ CR is included in the fit;

her is defined for validation

Tetralepton tt-> same (diff.) very small sample
flavour size, excellent S/B

leptonic decay ZZ (rare SM)
One ZZ CRis included in the fit;

e
Ean——_ ot

w
o

_IIII|IIIIIIIIIIIIIIIIIIIIIIII_
20~ ATLAS ® Data2015 [1zzZ -

I 11
*Gev

Events / 2 GeV

25

=) e,
2 b
&
>
w
q owe

201 4

L ke

WZ(+HF)

75 80 85 90 95 100 105 30 40 50 60 70
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Run | LHC top FCNC searches

ATLAS+CMS Preliminary LHCfOPWG November 2016 ATLAS+CMS Preliminary LHCtOPWG November 2016
BR(t—) Hu)  Each limit assumes that all other processes are zero  BR(t— yu) BR(t—) HC)  Each limit assumes that all other processes are zero  BR(t— yC)
3\ ﬂlll[ TT IIIIIIII T I[][]ll TT I[||]||] T MTITT T T II]Il]]l T T |]|l||]| TT ||[[|]I T ]|||[||I TT l]]l]ll T |[]||][I TT |||||§ /5 G ﬁ|||| TT I||||||| T ||||||| TT |||||||| T MTTTT T T I||||||| T T |||||||| TT ||||||| T |||||||| TT ||||||| T |||||||I TT ||||ﬂ 8
N LEP DN LEP i
=1 i [ ]
o e i
o ¥ o 14
[2a) m M oM

R ::M

HH t H

10°°

1045_ ATLAS ATLAS

10 E 10 cMS
S 102 . 107
C ] (=2 L

ok TEVATRON \ ] 102 LIS a3 s \ ]
107k : ;
Preliminary 5 Preliminary ]

) e : 1o
Lot L Lok 1L
o X © E 1
m I (TTTT N (TTTR IS S TTTA R WA TTTTR I A T i Lol ||||é m m TTTR I YRR I vl | 1 m
107 102 10° 104 10° 10‘5 10*‘ 10‘3 102 107 10" 102 10-3 041 1o- 0—5 10*1 10—3 102 107
BR(t— Hu) BR(t— yu) BR(t— Hc) BR(t— vc)
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FCNC QCD Lagrangian: anom.

Run | LHC FCNC results are expressed in the framework of anomalous couplings:

\/§ Rgqt n 1
Lrene = Z [ Tst)—\qt' tat” (f;;;PL"'fgI(%]PR) q{=..{ tensor
q=u,c .
V2 Kyqt _
" et (FPu+ F1iPr) af tensor
1 _
- S LU P+ Pt scaler
I 7 R T VIOt o (1P, 4 ) i tencor
t2gq cosow |/
tor
t2vq X 1 g — L R vec
24 ¢ g TG B (Pt FPr) qlu| +he
t2>hq X

| singe top | g/ | yur/d | /8 | G| o IR

pp>tlg) X \/‘ffq} +|f§1| =1 Rt Cagty and 7,4 >0
A1 Szgty AllU hqt
pp>ty X X Example_ of A
conventions - 12 ~ 12
pp=2>tZ X X X \/ 1I7q 4+ f:g -1
pp>th X X S; lificati
Implitications R _ L _
X: considered
X: usually neglected R _ L _
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