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32 QUARK MASSES
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The top quark

e Heaviest elementary particle: 100
o same mass scale as W, Z and Higgs bosons
m connection to EW Symmetry Breaking ?
o Yukawa coupling y, ~ 1
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e Copious production at the LHC:
o strong pair production: tt
o EW single production:
t-, s- and Wt-channels
o associated production:
tt+y/W/Z/H, tt+bb, tt+tt...
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, o Decays before hadronising: b
o ~exclusively to Wb
W = clean source of Wand b




® Peak luminosity ~—Integrated luminosity
6.0E+34 :

LHC and ATLAS il 1IN RS

& | <
e LHC: 27 km - pp - CERN, Geneva (CH) § 30834 4] 4l 4 3 9 10 g
o Run1: Vs=7-8TeV, 2010 - 2012, 30 fb™" i 206434 BREY My | §
o Run2  Vs=13TeV,2015-2018,150fb"  “ieeas | .| = 1t 8
o Run3: Vs=14TeV, 2021 -2023,~150fb"  qoeo =l = [ - . |, c
o HL-LHC: Vs=14TeV, 2026 -?, ~3 ab"’ I S

=« e ATLAS:one of the 2 general-purpose LHC detectors
kit o -100 m, 40 tons, ~ 4 Tt coverage”
o made of sub-detectors: (*: tracking |n| <
m inner detector 25
m calorimeters (EM and Hadronic)/
m muon spectrometer
o excellent measurement of:
m electrons
m  muons
m photons
m hadronic jets




Top events and final states: experimental signatures

o t—>Wb W-—-2v/qq all-hadronic
= top events have final states with leptons (e, p, 1), o T+jets
missing energy, b-quark-jets, “light” jets i 3
o e and p identified and : ilept6n
measured precisely in ATLAS
o jetslarger uncertainties
(experimental & theoretical)
o b-jets identified through
b-tagging algorithms
m b-tagging calibrated
with top events!
e Typical selection requirements:
o 0-2eor @ nadertoidenty, Pr > 25 GeV, |n[<2.5
o 2-6jets, p.>25GeV, |n|<2.5 21 b-tagged
o eventually minimum E£.™, m,, veto around Z mass (depending on channel)

= excellent rejection of non-top events (background)
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ATLAS Papers on Top Physics in the last year

VL LEVERVETIRVAL

Short Title

Measurement of the top-quark mass using ttbar+1jet events at 8 TeV NEwW

Spin correlation measurement at 13 TeV

Measurement of the jet shapes at 13 TeV

ATLAS+CMS combination of Run 1 single top measurements and extraction of Vtb

Measurement of ttV in multilepton final states using 36.5fb-1 at 13 TeV

Search for flavor-changing neutral current t to Hq with H->b-bbar and tautau at 13 TeV

Measurement of the ttbar+gamma cross section at 13 TeV

Measurement of the ttbb cross section at 13 TeV

4 top quark search with 1 or 2 leptons

Measurement of the top quark mass in the lepton+jets channel at 8 TeV

Same-sign dilepton plus b-jet search

Quantum Interference Between Single and Doubly Resonant Top Quark Production

Journal reference

Submitted to JHEP

Submitted to EPJC

Submitted to JHEP

Submitted to JHEP

(2

072

Submitted to JHEP

SuEknys e /8
(2019) 382

JHEP 04 (2019) 046

Phys. Rev. D 99

(2019) 052009

Eur. Phys. J. C79

JHEP 12 (2018) 039

Phys. Rev. Lett. 121

e Will not just make a list of all ATLAS results:
o some new and fresh results shown
o few selected topics to trigger discussion
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ATLAS EXPERIMENT — PUBLIC RESULTS
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

Links

Documents | 1905.02302 | Inspire

Internal

Documents | 1903.07570 | Inspire

Internal

Documents | 1903.02942 | Inspire

Internal

Documents | 1902.07158 | Inspire

Documents | 1901.03584 | Inspire
Internal

Documents | 1812.11568 | Inspire

Internal

Documents | 1812.01697 | Inspire
Internal

Documents | 1811.12113 | Inspire
HepData | intemal

Documents | 1811.02305 | Inspire
Briefing | interal

Documents | 1810.01772 | Inspire

Internal

Documents | 1807.11883 | Inspire
HepData | intemal

Documents | 1806.04667 | Inspire
Internal

Top Quark Physics


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

Total cross-sections

e Excellent agreement between theory and experiments
e Experimental precision challenging best theory prediction uncertainties
e Comparison exp. vs theory can be used for:

o limits on New Physics within EFT formalism

o indirect measurements of a, m....

—
o oy, Vs=7TeV, 4.6 ATLAS Preliminary
o l+jets, Vs=7 TeV, 4.7 fb May 2018
= ey, Vs=8TeV,20.21b"
O l+jets, Vs=8 TeV, 20.2 fo'
A
v
v

ATLAS Preliminary Sep 2018
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Single top-quark production
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eu, \s=13 TeV, 3.2 fb™ . e L =
I * -1 - A 3
ee/up*, Vs=13 TeV, 85 pb + 4 4(y L ) == NLO+NNLL QCD atm, = 172.5 GeV-|

- iets*. Ys=13 TeV. b’ - . (U A = MSTW2008 NNLO PDF
I+jets*, ¥s=13 TeV, 85 pl L - 4

outheory % —— NLO QGD atm, - 1725 GeV
+ prelimi (VS. i 5 /0 ) 1ol -- MSTW2008 NLO PDF
I~ * Preliminary |

)
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s-channel
8 t-channel 4.59 fb' PRD 90 (2014) 112006
total

@ t-channel 20.2 fo" Py ¢77 (2017) 531 stat.
T t-channel 3.2 b sHEP 04 (2017) 06

& tW2.05fb" pLa 716 (2012) 142

& tW 20.3 fb™" JHEP 01 (2016) 064

i tW 3.2 fb™! JHEP 01 (2018) 063

¥ s-channel 95% CL limit 0.7 fb™" ATLAS-CONF-2011-118
I s-clhannel 20.|3 b pLB 75is (2016) 228

T TTTTTT

Inclusive ti cross section [pb]

>PLB 761 (2016) 136 J

== NNLO+NNLL (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
NNPDF3.0,m, _ = 172.5 GeV, ,(M,) = 0.118 £ 0.001
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-09/

Vud Vus Vub

V, determination () ¢ .o

>a rXiv:1902.07158

e Indirect determination: |Vip| = 0.999105 + 0.000032 "oricebatatroun. Phvs. Rev. D 98, 030001
e Use single-top x-sec measurements from LHC @7 and 8 TeV to extract “direct” measurement
e Combination of ATLAS+CMS, all channels used
e L. Omeas.
e Largest uncertainties from theor . Vio| = J——
B 8 y Combined | fiy Vip | 1.05 | fivVio | Titeo. (Vep=1)
£ LAHLIBAV%CMS . éIALéL\S Uncertainty categor CICRTCATY
é 1ozj t-c,h)annel . ' - :ﬁizlt-o?)a‘éCMs é ] y gory [(70] AlfLVth|2 A d.
8 I bk sombenjenio g 7 Data statistical 1.8 0.02 ssumea.
o r . ] Simulation statistical 0.9 0.01 \V/ ¥/ V.
%] NNLO t-channel g o RS
8 I soale unperialnty Integrated luminosity 1.3 0.01 | tdl I “l | tbl
g -uycLa(IgiéaNP,\é)LFLea g uncertainty Theor Yy modelling 4.5 0.05
(_%J W —_NLO _ i Background normalisation 1.3 0.01
= Lol 1 -:g::: l;m;’;ﬁ:?:}; uncertainty 7 Jets 26 003
. TP S S Detector modelling 1.6 0.02 o Tevatron combination
Top-quark mass 0.7 0.01 f inole top:
10~ - Theoretical cross-section 43 0.04 rom singie top.
r i Total syst. unc. (excl. lumi.) 7.1 0.07 Vil =9 02+0.06
r schannel [ b . ] Total syst. unc. (incl. lumi.) 7.2 0.08 |fLV tbl 7=0.05
| e Total uncertainty | 74 ] 0.08
| |
! 8 & [Tev] . | fivVip| = 1.02 + 0.04 (meas.) + 0.02 (theo.)

| fivVin|? = 1.05 + 0.02 (stat.) + 0.06 (syst.) + 0.01 (lumi.) + 0.04 (theo.) =[1.05 + 0.08



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-16/

Differential cross-sections

Going beyond total cross-sections, ATLAS measuring tt cross-section vs. many kinematic variables

O

(©)

@)

Comparison with different theory predictions:

(©)

@)

unfolded to parton-level, in total phase-space

unfolded to particle-level, within certain fiducial phase-space

normalised distributions

fixed order calculations (parton-level, eg. NNLO-QCD+NLO-EW)
MC predictions (both parton and particle-level, various NLO+PS)

Why do we need them?

(©)

(@)

(@)

powerful tests of QCD and EW predictions
useful to tune MC generators
used to extract measurements (PDFs, mt...)

Some ATLAS analyses in Run1 and 2:

(A EACIHIAA > Eur. Phys. J. C76 (2016) 538

EILLALL - ur Phys. . C 77 2017) 804 3
te 12 @13 Tev (IEEXICIEC

W2 ACQYEREAYA > Eur. Phys. J. C77 (2017) 292
tt 02 @13 TeV B
Run 2 results still based on limited stat.



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-04/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-09/

Differential cross-sections

.
.
e Analysis setup:
O
O
dxi L AXT Z
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= 0b f ‘I::ev' CLTA PWGHPY6 h=2m radHi ]
3 ffesobed ... PWG+PY6 h,_=m, radLo E|
f- E Fiducial phase-space PWG+PY8 hy, =1.5m, s
5 g0l . e PWGHHT hy,, 1.5 m, -
~ Ego®eo, e PWG+H++ hy,, =m, =
o B el s aMC@NLO+H'+ 3
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00

reconstruct tops from decay products,
with simple algorithms easily reproducible by theorists (“pseudo-top” reconstruction)
unfold* background-subtracted data distributions to parton / particle level distributions

*

typical tt selection cuts — low background

Iterative Bayesian Unfolding used

(D'Agostini et al.

(@)

(@)

> arXiv:1010.0632 )X

regularised, i.e. statistica

fluctuation amplification reduced
unbiased result thanks to iterations

=1 I T T T 1T T T 17T

1T T T T 7T
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I N B B B
% 200 400 600 800 1000

P> [GeV]

1

Resolved
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>JHEP 11 (2017) 191
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-01/
https://arxiv.org/abs/1010.0632

Highlights on differential x-sections

e Many distributions unfolded in Run 1:
o parton and particle-level
o comparison with fixed order calculations (NNLO-QCD) made agreement better
m e.g. intop p.: NLO+PS predicting too soft spectra
o sensitivity to different PDFs

>JHEP 11 (2017) 191

e Run2: o 2p T -
e g 1T ATLAS e St e E

o still imited number of results (e.g. no parton level) B qop FreToneze S

o more energy = more statistics in tail of distributions 1:‘ . g: E

-2 jmoe, ] tat.+Syst. unc. =

o "top-p,issue” larger thanin Run 1: = -

=-1 | NNLO-QCD + NLO-EW predictions now available:

: Czakon, Mitov et al. @I I LA RIS :
025~——%00 400 600 800 1000 ~ 7200 1400
p‘T'“ad[GeV]
1.8
S 1.4 ; S——
— “in the right direction”, but need to wait £, [Frt ‘
1| for more results to declare issue as solved T e e e e

. . . . .
0 500 1000 1500 2000 2500 3000
P1.avt [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-01/
https://arxiv.org/abs/1705.04105
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tW/ ttinterference  Wge
0

e Interesting recent measurement: W<

. . . .. u
o unfold a distribution sensitive
to interference between tt and tW = : ————— :
inimax — .. [ i - ,stat. i i
mipe " = min{max(mp, ¢y, Miyr, ), MaX(Mp, g, My, )} C 102 ey E
o results from “diagram subtraction” and £ N % PowhegsPythias I'vivob ]
L , é i " § Powheg+Pythia8 fitW (DR)
diagram removal”’ schemes compared to data ol o 4 Powheg+Pythias tE+tW (DS)
folded dat © EE°10 3 ¥ MGS5_aMC+Pythia8 fi+tW (DR)
@) unrtoigae ala E - :_AT[_AS | |§ Bata IE‘“_V‘V([‘)R‘) I_: S E EA 4 MG5_aMC+Pythia8 tt+tW (DR2) E
— constraints % {5=13 TeV, 36.1 b SI%?’.}ES’ Etztﬂ'els ~o i o ]
= [ Signal region @MisiD  [Other - 104 A _
for future i 10k " Total (DR) - Total (DS) — = "i*{\q E
E 3 C ¢, aY 13
development of 1021 ] - ATLAS 1 t t& ,; ’?:
3 E Vs=13 TeV, 36.1 fb
tt+tWb process 5 ] 10°E pp > ITbbeX E
(e.g. all-inclusive 101 E F v eu s s g8 g s 580 i =
: = 2
pp — WWhb) £ § s & 3 i
. 3 1 wu-n-ﬁﬁ’ﬁﬁtgl‘?‘?‘ 3‘; b
5 s O: ) . . 4 ) el
e P e Gt T 5 T 5o 300 700
% 0'5; ; nlg]lnlmax [Gev]
& 0 100 200 300 400

mg;inimax [GeV] n
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-05/

The Top Quark Mass

e m,+m,+m, measurements — over-constraints to SM fits
o direct measurements can be compared to indirect results to probe validity of SM
o m,important to determine SM vacuum stability

> arXiv:1707.08124

>arXiv:1803.01853

[p— T T T T T T T T T T T T =t T T T T T T T
S B T T - T ]
e = 68% and 95% CL contours s o o ] et stabilit
—  80.5 — I Fitw/o M, and m measurements - 0= 046 GeV —] i y
E; r Fit w/o M,,, m and M,, measurements
[ Direct M, and m, measurements
80.45 —
[ <
C Qi
80.4 —
~ M, comb. t1c
80.35 [ w, - 80.379 + 0.013 GeV ]
80.3 — =
C of ]
80.25 — .9 =
RS 7
I” | 1 1 ]



https://arxiv.org/pdf/1407.3792.pdf
https://arxiv.org/abs/1707.08124

Methods to Measure the Top Mass

[ ]
reco = jnvariant mass of jets from top decay

extraction from total or partial invariant
mass of top decay products
= "Standard Method"

o data compared with MC simulation with different input values of m, in MC
o relying on jets, parton showers (LO), non-perturbative effects

. Both types:
= measuring nthCu precision
(still controversial arguments, see e.g. @A\ Bz DI yAHITW) measurements
e Indirect measurements of m, from cross-sections (inclusive or differential)
o in a well-defined renormalization scheme, e.g. th°'e (corresponding to definition presented
of free particle mass) measurements
o"*°"(a f m, PDF, yi, U, ...) Vs o™ based on LHC
m_ = parameter in the SM Run1 pp-data

m  "O(1 GeV) difference" between m M and m Po'



https://arxiv.org/pdf/1712.02796.pdf

Direct m_ measurement, tt1?

Normalized events / GeV

Ratio

e "3D" template method:

O

> Eur. Phys J. C79 (2019) 290 AN

simultaneous fit to 3 dlstrlbbutlong
- m reco m reco Rreco _ Pr ped +P cp

top ?
(g, and g, light jets aSS|gned to W) pT i P :

3 free parameters in the template fit: \.
m m,JSF", bjSF”

(*: (b-)Jet-energy-Scale-Factor) -

KLFitter” to reconstruct
tt system (for jet-parton
assignment and mtopreco)

*: kinematical likelihood fit in each event
mWreco and qureco use
chosen jet permutation,
but with original jet

4-momenta (to retain the maximum
sensitivity to JES and b-JES)

0.035

'ATLAS Simulation

) T T T
0.05[%..1JSF=0.96 ATLAS Simulation

T T
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| bJSF = 0.96

_____
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-03/

Direct m .measurement, tt 1¢

I
— Total
- ... Total syst.

T T
Total exp.

-.=. Signal model. 7

e Optimization:

Uncertainty [GeV]

o cut on BDT built to remove 0.5 _
wrongly assignedevents e S e s grimiininin”
= reduce systematics JES (0.54), b-JES, I %C%A;C,rezmr;ﬁr‘y |
o BDT trained with 13 variables . JER b-tagging (0.38) ... ' o Standard  0.10 0.505 000 005
(best ones: KLFitter likelihood " - — T AT AN Meo bt A AN T Sy T T BoT

of best permutation and Aqu)

—— T
* data, l+jets

> s R o I T R
3 [dmas e ] & 1800-ATLAS s b
C ® h 3 E sz -1 Best fit background
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bJSF = 1.008 + 0.005 (stat)




dilep.@8TeV

L+jets@8TeV comb.@7+8TeV

° ° °
Statistics 041 0.39 0.27
Direct m , combination Noma
t Signal Monte Carlo generator 0.09+0.15 0.16+0.17 0.14
Hadronisation 0.22+0.09 0.15+0.10 0.07
. . . Initial- and final-state QCD radiation || 0.23 +0.07 0.08 £0.11 0.07
o 7TeV+8TeV, t+jets + dilepton: Underlying event 0.10£0.14  0.08+0.15 0.05
: H : Colour reconnection 0.03+0.14 0.19+£0.15 0.08
© successive Combl nation fro m Parton distribution function 0.05 £0.00 0.09 £0.00 0.07
most sensitive to less sensitive Background normalisation 0.03 £0.00 0.08 +0.00 0.03
W /Z+jets shape 0 0.11+0.00 0.07
Comb. according to importance ATLAS Fake leptons shape 0.07 + 0.00 0 0.03
Jet energy scale 054 +£0.04 054 £0.02 0.21
Myp = slal + syst. (tolal) Relative b-to-light-jet energy scale 0.30+£0.01 0.03+0.01 0.15
mz:':p“’" (8 TeV) 172.99 +0.41 +0.74 (0.85 +0.04) Jet energy resolution 0.09 £0.05 0.20+0.04 0.10
Jet reconstruction efficiency 0.01 £0.00 0.02+0.01 0.03
+ M (8 Tev) 172.56 +0.28 +0.48 (0.56 +0.04) Jet vertex fraction 0.02+0.00 0.09 +0.01 0.05
i b-tagging 0.04+0.02 0.38+0.00 0.17
+mgg- (7 TeV) 172.51£0.27 £0.42 (0.50 +0.04) Leptons 0.14£001  0.16 +001 0.09
o Emiss 0.01£0.01  0.05+0.01 0.04
+ Mg, (8 TeV) 172.61 +£0.25 +0.42 (0.49 +0.03) Pile-up 0.05+0.01 0.15+0.01 0.06
+ mE (7 Tev) 172.70 +0.24 +0.42 (0.48 +0.03) ey ot anoenia bY g:;‘; - g:gg g:gf - g:gg 5ot
+ mg.”" (7 TeV) 172.69 +0.25 +0.41 (0.48 +0.03)(0% improvement w.r.t.
most sensitive single channel
----- Combination Correlations m{ﬂ:, (7 TeV) m::gc‘s (7 TeV) mf'oi:, (8 TeV) m::gc‘s (8 TeV)
[ stat. uncertainty —— stat. uncertainty (7 TeV) 1.00
total uncertainty — total uncertainty (7 TeV) ~0.07 1.00
T I T S T S S mig, (8 TeV) 0.52 0.00 1.00
170 175 180 (8 TeV) 0.06 ~0.07 ~0.19 1.00
My, [GeV] BLUE weight (1,0p) - 0.17 0.43 0.40

e Reduction of uncertainties thanks to complementarity and anti-correlations




Indirect m, measurement from ¢t +jet

> arXiv:1905.02302

° mtlf’o'e extractd from normalized differential cross-section of inverse of tt+1j invariant mass:

ole 1 do'tr'+1-jet ole 2
R(’"? Ps) = : a (mf »Ps). o =90
Oti+1-jet Ls

o sensitive because amount of gluon radiation

*: m, =170 GeV

depends on m, with large effects in o f ATias
phase-space region near threshold = S Tev, 202 o
o 8TeV data-set, tt e+jets selection: ®F bt
o ttsystem reconstructed, °

additional leading jet required p-> 50 GeV
o parton&particle-level unfolded distribution
compared to NLO+PS tt +1jet calculation vs mtloo'e

P = 1711 £ 0.4 (stat) = 0.9 (syst) 787 (theo) Gev | 11:f GeV

N
IIIII|I|II|||III\||III‘||II|\I|||I|I1

|

T
e Data (I+jets)

O Data (e+jets)
A  Data (u+jets)

_ . tt POWHEG+PYTHIA6
m=172.5 GeV

[ Stat+syst uncertainty

I

o dominant systematic uncertainties:

m JES and Theory (simulation & scales)
e Also value in running mass scheme derived:

Pred. / Data

my(my) = 162.9 + 0.5 (stat) + 1.0 (syst) *3-] (theo) GeV
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tt Spin Correlation £ Ea, e
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e Spins of tops in tt events predicted 20f i St 0 syst eror =

to be correlated 1o E

e Tops decay before hadronising = keep spin information 1o E

o measurement of angular distance between 2 leptons S E

in 28 tt decay — sensitive to spin correlation

e Run 2 ATLAS measurement: @:12.0A ELEX 1 yx i)y ;

s x
|

0 01 02 03 04 05 06 07 08 09 1
Detector-level «(I",I)/x [rad/x]

Pred. / Data

o 10°E ATLAS ' =
o ey events selected 2 E -13Tev, 361 1" rg&“é:@?%hé"giﬁ;%?ﬁ:
. . . € I o owheg Herwig
o A, and 4n,, distributions unfolded L |-k A
(parton & particle level) - =§§§’gsf§g,m)
. . . [ Stat. @ syst. error
and compared to various predictions i
o also provided measurements in bins of m,

m (t system reconstructed with
neutrino-weighting technique

H

400 500 600 1000 2000
Detector-level m_[GeV]

Pred. / Data



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-09/

tt Spin Correlation

[1/(rad/7)]

e Unfolded data in some tension with .\i
MC predictions (NLO-QCD+PS) 3 %'
o larger spin correlation observed in data 3
o 3.2 0 significance ~lo
e Most new physics models
(e.g. SUSY stop close to m))
would reduce spin correlation
o discrepancy in opposite direction 2w
218
Region fsm = (stat.,syst.,theory) Significance (excl. theory uncertainties)
Inclusive 1.249 + 0.024 +0.061 + 0.040 3.2 (3.8)
my; < 450 GeV 1.12 £ 0.04 *3-12 +0.02 0.86 (0.87)
450 < my7 < 550 GeV 1.18 £0.08 *{-1 +0.08 1.0 (1.1)
550 < m,; < 800 GeV 1.65+0.19 +031 1+ 0.22 1.3 (1.4)
0.58 (0.61) Xi

my;r > 800 GeV

2.2 # 0.0 w07
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|
0.8

l
0.6
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fraction of SM-like spin correlation
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" Xspin, i T (1 - fsm) - Xnospin, i
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Associated production: tt+X

e Rare processes, interesting by themself
e Away to measure directly top couplings
o ttZ ttH, tty vertexes
o new interactions like 4-fermion interactions (e.g. ttbb, tttt)
e Important background processes for many new physics searches

9
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o L [ Other prompt 7 Uncertainty o = %/, Uncertainty
S 40001 pyg it E pre-fit
e (t 12 and dilepton selections
o plus 1isolated y with p_> 20 GeV 2
e Background mostly from “fake” photons
o multi-variate (MVA) discriminants
to discriminate vs. background . 5
. . . . o ® 1.25 7k i
e Fiducial cross-section(s) from fit to s N b %//%/ » i
a 5075 i 7

event-level MVA distribution 05 T 005 04 05 08 0T 08 09 ] 05k
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Prompt-photon tagger output

e Differential cross-section also extracted, ERGE ke
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tt +bb :

e ttplus additional heavy flavour jets: &
o suffers from large theory uncertainties
o important background for processes like ttH (H — bb)

Vs=13TeV,36.1fb" e Data
lepton+jets channel 1l
25 22b@60%

Events

,=0.962=0.003
| [ a,=1.59+0.06
Wi« =1.11£0.02

e Analysis strategy & setup:

o 12 and 2¢ channels, 22500 At a5 | epaa ] i Mon-t
. S :G =13 TeV, 36.1 fb-'l tic+tl gy =1.05 £0.04 - - Pre-fit
w F tib «, = 1.37 +0.06 -
ask for 2 3 b-tagged jets 20001 chanmel o ] T
o use full information from ) — e ]
b-tagging algorithms to : E
fitin data fractions of

T T T T T T T T T T T T T T

tt+21b, tt+21¢, te+light jets § P iy A I

o fiducial inclusive and differential | B o8 ik

cross-sections extracted § W | iPreft e Postit :°‘i§1§g} R SRR RS DA

o particle-level definition of b-jets 5 , EEEEEE=r———r brtag diseriminant bin
a 06t -

(no matching to partons) : 3 ———%
b-tag discriminant bin
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2 °: ATLAS ' eu channel
tt + bb _g‘% 4k Vs=13Tev, 36.1 " >3 bejets _
o e Data-tfIX (X = H,V)
‘—lb'g Powheg+Pythia8
. . . .. . . . [ —— MG5_aMC@NLO+Pythia8
e Differential cross-section vs. additional b-jet kinematics o Pothegtbenl
e Results compared with many MC predictions: [ stat
o inclusive tt, dedicated tt+bb, multi-leg tt+jets NLO + PS 10" :
o 5FS,4FS ><
. . =1.2
e Most MC underpredict tt+bb total yield = ; p
. o . o o © 3
e Most MC setups describe kinematics sufficiently good ©0.8¢ , E
o systematic uncertainties on unfolded data still large , § 12§~ Powheg+Pyihis8 (RadHi) .. Powheg+Pythiss (RadLo)
- =]
e Unfolded data important for future MC development s OJP_
-OF — Powheg+Pythia8 tbb (4FS) — Powheg+Pythia8 e
ATLAS " w u ' x .- Sherpa 2.2 ff - - Sherpa 2.2 tfbb (4FS) ]
leptontjets (= 30) I _ 13 1ev. 36.1 b2 _l:-+ I _-.-:_ CEJ :21'21 =3
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- o [% 1% .
i Tl 4
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tt+W/Z

o ttZ — tZ-coupling, ttW — not linked to tW-coupling, but important background process

e ttZ and ttW share similar signature = common analysis, simultaneous measurement

e Targeting mostly multi-leptonic final states, i.e. “at least two e/u with same-sign charges”
o clean signature, small irreducible background
o important to control background from fake and non-prompt leptons

Process  t7 decay Boson decay  Channel ?g”“ o wgy«m e mE
5,190 |~ 2L:2:62h postdy Z+1HF EEZ+OHF
w160 B Other 7 Uncertainty
- = + ]
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(qab)qab)  CC 0S dilcpton . i i (postt) = Otrer —1
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_ i mm Fake Leptons .~ Uncertain
(t’ivb)(fva) €+€ Tetralepton ®1 08 06 04 02 0 02 04 06 08 102 F " 3 o
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“e T T T T T T 'Z T ‘(B 103 T T T T T T T
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810 & AT s OW - V2 s BeraTevasin’ mort  BE
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i g 150 = i TR
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Fit configuration M7z Meiw

tt + W/z Combined 1.08§ £0.14 1.44 +0.32

26-0S 0.73 +0.28 ~
31z 1.08 +£0.18 -

e Results: 20-SS and 3¢ (iW - 1.41 £0.33
o ttZ cross-section consistent with SM at 10% accuracy 4 1.21 +0.29 -

o ttW~1 sigma larger than SM prediction (in line with Run 1 results)

3 T T I T T T | T T T T T T T T E | T T T | T T T I . . .
[ - 1 EFT interpretations:
= B ATLAS * Best fit - p
2 [ {s=13TeV, 36.1 1" —e8%CL Coefficients COUN  Cu/A? Ca/A2 Cw/N
@
8 14 L s 95% CL i Previous indirect constraints at 68% CL [-4.7,0.7] [-0.1,3.7] [-0.5,10] [-1.6,0.8]
3 L | Previous direct constraints at 95% CL [-1.3,1.3] [-9.7,83] [-6.9,4.6] [-0.2,0.7]
o L — NLO prediction |
N e s | Expected limit at 68% CL [-2.1,1.9] [-3.8,2.7] [-29,3.0] [-1.8,1.9]
* 2k - Expected limit at 95% CL [-4.5,3.6] [-23,49] [4.2,43] [-2.6,2.6]
r 7 Observed limit at 68% CL [-1.0,2.7] [-2.0,3.5] [-3.7,3.5] [-2.2,2.1]
i ] Observed limit at 95% CL [-3.3,4.2] [-25,5.5] [-5.0,5.01 [-2.9,2.9]
-/ N Expected limit at 68% CL (linear) [-1.9,2.0] [-3.0,32] = .
L ' i Expected limit at 95% CL (linear) [-3.7,4.0] [-5.8,6.3] - -
- % & Observed limit at 68% CL (linear) [-1.0,2.9] [-1.8,4.4] - -
e 7] Observed limit at 95% CL (linear) [-2.9.49] [-438,75] - -
0.6 _I 1 I 1 | T | I Ll 1 I 1 11 I 11 1 I Y B - | I 1 L -1 I_

e Focusing on differential cross-sections (for tt2)
for future publications
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ttW cross section [pb]




fully hadronic
20.9 %

4-t0p Tosa "
single lepton dilepton (SS)
. 40.0 % 9.6 %
e tttt production: diepon (09
o one of the most spectacular processes predicted by SM @LHC, not observed yet
o tiny cross-section: ~10 fb @13 TeV (vs. ~800 pb tt) 3  Eamas ! T e bm
. ; 25 Vs =13 TeV, 36.1 ! Fake/non-Aprompt
e 2separate analyses for 2 channels: E  F SSaepton viepton = Charge D

5 multi-lepton, "ttV—“ke" DJHEP 12 (201 8) 039 20;—VLQ/4topSignaI Regions = :;,;‘V

o / 12128 0S, “tt+jet-like” .

.

I Other bkg
----- TT 1TeV (44 fb)
----- titf CI (40 b)

// Total bkg unc.

nhu[I\I|II[\|IIII|\\IIlII[\‘III

e Pure but low statistics, similar to ttW/Z, o T ——— e W
with additional b-jet requirements g
e Several signal regions defined to be IR e z ;‘ ¢ A t
sensitive to different signal processes * wf5- i sin regy ey ivg Hovey sy Hery vy ey
o small excess (similar to Run 1) 12;:3”3"2'-L°RS”3"3'-L EIDZ:; E
o not fully compatible with / T Tomtigue.
SM-like 4-top signal

Njets
A,"\ YPERIMEN
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b-tags , Single Lepton b-tags , Dilepton
I | ] ! | I | | 1
- op >4b = = >4b = 0
> £ ! ! > £ .2 !
1 22| - | R
e =
B| S8 valld‘atlon Slglnal | S8 |2 !
i = e 1 1 L o = e > 1 =
e 2separate analyses for 2 channels n : L N ° 3 ;
. " - i | sour.| source
o multi-lepton, “ttV-like 0J —{ sodrce | source |, 0J : : _
’ - 1) : . ~  jets >1J Jets
o [18/2¢8 OS, “tt+jet-like” 25/ 5 6 7§ 9 >10) 4 5 6 7 >g
! mass-tagged mass-tagged
l RCLR jets RCLR jets

e >50% of BR = “large statistics” > Phys. Rev. D 99 (2019) 052009

e Upto 10jets and >4 b-tags required in final state, large-R jets to tag semi-boosted hadronic tops
e Overwhelming background from tt+jets, estimated from data, in CRs dominated by tt+jets:

o effective b-tagging probabilities extracted at low jet multiplicities

o and used to weight data events with 2-tags — pseudo-data sample for signal regions

c A £ "
5 ATLAS Single Lepton # Data W (SM) [T + jets (data-driven) ) ATLAS Dilepton # Data W77 (SM) [T + jets (data-driven)
= 1 4 ~ 40F -1 "
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80 E 30 k: L
sk 40F = . :
E E 20 C 30F 8E
= 60 S0E i5 r E =
F E F 20 E
40 40 0 20F 10f 5 E 4
20 20E 10F sk > 1. 2k
E E — L F I
D : 5.0 . . . :
S 1.25 3 y g125 j , W .
o /”’W)%WWW“’WW%/{/// $ AP G ey
=03 Z K 7 [ L 2, L 4
§ 05 0602800 —=—¢ 0002000 0002000 070002000 3000 & °0 500 1000 7500 2000 0 500 1000 1500 2000 0 500 7000 500 2000 0 500 Y000 1500 2000 2500

H™ [GeV] H [GeV] Hi™ [GeV] H™ [GeV] Hy [GeV] H¥ [GeV] H [GeV] HY™ [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-11/

36 fb! Exp sign. Obs. sign.

4't0 p SS-2L/3L 0.8 3.0

1L/0S-2L 0.6 1.0
Combination 1.0 2.8

e 2 channels combined:
o close to sensitivity to SM-4-top production
o excess in multi-lepton channel mitigate by “tt+jets” channel

ATLAS ' =13 TeV, 36.1 fb" ATLAS Vs =13 TeV, 36.1 fb"
{TtT (SM) — tot. (Tt (SM)

Single lep. / OS dilep. etk tot (stat syst)

Single lep. / OS dilep. 12595 (9% 125

SS dilep. / trilep.

T T

7] T
E 10 ATLAS  Simulation Preliminary M it SS dilep. / trilep. —— 4.4 25 ( ﬂjf ﬂﬁg )
e Tl 2000 g:ze Bl Epected 1o | 000 lsalessisssieieii dssveias ssasiienis
Ll Combined 0 Combined| | —ome 31713703 03)
10° “~~ Uncertainty 4 | | . | ..... Expected (ll=1)
RS RS A A TN SR A e B g Wb
95% CL limit on u = o™ o™, Best-fit u = o™/ o',

e Sensitivity study for HL-LHC in multi-lepton channel:
o 11% precision expected with 3 ab™

> ATL-PHYS-PUB-2018-047
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Standard Model Production Cross Section Measurements Status: March 2019
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8 TeV differential
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Differential cross-sections

e Unfolding:
o extract differential cross-sections from signal event counts in bins of measured quantities

parton- / particle-level distributions detector-level distributions
in total / fiducial phase-space after event selection cuts
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