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 Unique role
» Heaviest particle

» |n SM, strongest coupling to
Higgs boson

= A unique role in various
extensions

« QCD makes precise
predictions for production
= NNLO predictions exist
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Properties
= Most massive fermion
» Decays before hadronization

Large mass also a challenge
= Decay products are energetic

= Difficult to reconstruct top quark
decays in pair production
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Top quark pair production ubiquitous at LHC

« 0=832=*51pb

e At10%% cm=2?sT,
this gives a
top quark every
few seconds

Boosted top quarks
are those with

pr = 500 GeV

« Rare —0.1% of total

Pekka K. Sinervo, FRSC

Inclusive tt cross section [pb]

LHC TOP WG

Tevatron combined 1.96 TeV (L < 8.8 fb'1)
CMS dilepton, l+jets* 5.02 TeV (L = 27.4 pb™)
ATLAS en 7 TeV (L=4.6fo")
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CMS all-jets* 13 TeV (L = 2.53 fb™)
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Each top quark decays weakly
= 3 possible final states \

Focus on the “all-hadronic” mode
= 44% of all decays g
= No undetected particles!

Q|

Top Pair Decay Channels

= At high p+, top quark decay

reconstructed as a “top jet” 8 |8l e
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Event:
2015-07-13 09:38:38 CEST

Muon + Missing E; 470 GeV Run: 271508 o
3 R=0.4 jets

3 jets with p;= 600 GeV,
jet mass=180 GeV

Recoiling jet b-tagged .+

S
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Top quarks play a special role in
many models for new physics, eg.

« Couple to new force carriers

» |eptophobic Z' preferentially decays to
top quark pairs  Rosner, PLB 387 (1996) 113

» W’ bosons could decay to t-b pair

« String-inspired resonances

» Randall-Sundrum KK gluons/gravitons
(9kk Gkk) favourite “wide” resonance

Agashe et al., PRD 77, 015003 (2008) ;
Lillie et al., JHEP 09 (2007) 074

 New phenomena
» Vector-like top quark partners
=  Supersymmetric top partners

9

Agular-Saavedra et al, PRD 88, 094010 (2013)
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Fredrerix & Maltonii, JHEP 01 (2009) 047
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LHC collides protons at 13 TeV

High luminosity
= 2800 bunches
= 1.2 x 10" protons per bunch

= Bunch crossings every 25 ns
= L>10% cm? s
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90 ATLAS
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13 TeV data:
« 3.9 fb'1 in 2015 10
« 32fb7 in 2016 5
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High p; top decays seen as single jet

* Use Anti-kt jet algorithm
= R=1.0 to capture top decay products
= But sensitive to pile-up

« Calibrate energy and

. > 0.1 T T T T LI I T T T T T L I

mass scales using £ - \s=13TeV, 50 ns ATLAS Preliminary-

. . : g _ anti-k, EM+JES + in situ, R =0.4 ]

in situ techniques 8 o.08l.1=00 -
c Y [] Total uncertainty
> i [ Total uncertainty, 2012 ]
@ — Absolute in situ JES (2012) |
= 0.06 == Relative in situ JES (scaled 2012) ]
L U Flav. composition .
S = Flav. response N
'*3 Pileup, predicted 2015 conditions 1
Lg 0.04 -+« Punch-through, predicted 2015 conditions —

=== 2012 to 2015 extrapolation uncertainty

0.02
ATLAS-PUB-2015-015

\
\
\
-
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Pile-up is removed using “trimming” S 3 ATLAS Preliminary
*  Anti-kT cluster with R=1.0 — p;R! R [le=m3TV amik @R, L) -0.02009 ]
] ] ] . . y o - Lot ~ 50 pb’ 600 GeV <p_ <800 GeV, n| < 1.5 -
* Anti-kT cluster constituents into R=0.2 “subjets 5 | —+-2015Data | Pyinia 8 muliets
. . LUl
« Keep subjets with pT > 0.05 pR1-0 »
 Recombine and re-calibrate [,
L i
. Initial jet ;",.;."E‘: Sou i : °
Takes care of pile-up oo e D
. , S | ATLAS Prelminary - : fee.,
i AISO SuppreSSGS 5100__\s=13TeV antik, (R, R_ .1, = (1,02, 0.05) B () e Lov v o 174%%% 00000104
(o] [ L ~50pb"  p>200GeV, <15 1.5¢
Sudakov peak g 80L —+-2015Data [ Pythia 8 multiiets | % - ‘b ; + T
: : : g | 1T & 1w+ $ 1 |
* Rises slowly with jet p; g R - Pty RN
Z 60- b . 0.5 : : : ]
I ' i 0 100 200 300 400
I . ¢ ] Trimmed Jet Mass [GeV]
40 L |
e | ATLAS-CONF-2015-035
o 1.1 ]
S Lt Sl Lo b,
8 Iy + [ ¥ ¥ Tf
0.9 -
20 400 600 800
Trimmed Jet P, [GeV]
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ATLAS Preliminary Run: 267638 Event: 140750458
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Top quark decays are 3-prong

« Light quark and gluon jets with
high mass largely single gluon
emission

—_
o
(@)
o

—e—Data
(] tt (matched)
3 tt (not matched) Ldt=20.3f", ys=8TeV

[ Single to . .

| W+j%ts P Trimmed Anti-k, R=1.0
0 Z + jets

[ Syst. uncertainty

Exp. uncertainty

—— Mod. uncertainty

1 T
ATLAS Preliminary
800

Events / 0.06

Many strategies considered

« Eight algorithms compared in 400
ATLAS-CONF-2015-036

« Taken a simple approach
for “top-tagger”

= N-subjettiness measure 15,
= Jet mass cut (122 < my, < 222 GeV)

Data/Sim.

0 02 04 06 08 1 1.2
Large-R jet t,,

Thaler & van Tilburg, JHEP 03 (2011)
015; JHEP 02 (2012) 093
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ATLAS uses a multivariate algorithm to tag “b-jets”
« Combination of tracking, vertex and kinematic information
« Usual operating point of 70% efficiency, <1 % mistag rate

 Require R=0.4
b-tagged jet
associated with
top quark jet

Essential element of

tagging strategy

Pekka K. Sinervo, FRSC

Efficiency

10

10

—

-1

Boosted Top Jets:

| I | I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I | _I
- ATLAS Preliminary tt simulation, |s=8 TeV 7
n _ . i
B pt' >20 GeV, [ [<25
; b d * o ;
: T — :
. .
§_ —e— b jets _§
_ —— C jets _
B —=— light-flavour jets 7
— 0 I} - =
: 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I :I
0 100 200 300 400 500 600 700 800
jet
p” [GeV]
18
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3

. & 09

Put togethc_er top-tagging g s
and b-tagging 2 o7
« Require two R=1.0 jets g 22
* pr,>500GeVandpr,>350GeV T o4

= Require both are top-tagged o

= Require both have R=0.4 subjet o1

that is b-tagged 0

* Reject events with at least one
electron or muon candidate

TTIT

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

I|IIIIIII|llllIlllllllllllllllllll_‘ss
ATLAS Internal
Simulation —H30
Vs=13Tev :
anti-ky timmed jets, R =1.0 o 25
X 50% efficiency working point E

1 1 l L 1 1 l L L L l 1 1 1 l L 1 1 I 1 L L l 1 1 1 l L 1 1 l L L L l -
200 400 600 800 1000 1200 1400 1600 1800
calorimeter jet pT[GeV]

hadronic
boosted
top quark

TR pojet
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Strategy

» Use MC for backgrounds with
at least one real top quark jet:

tt (non-all-hadronic)
Single-top-quark
tt+W/Z/H

= Use data to estimate “multijet”
background

0tOb

3 | Itlb
<
T | otlb
=11
5 | 1t0b
=
=
(@]

0tOb 1tOb Otlb 1tlb

Pekka K. Sinervo, FRSC

Leading large-R jet

Boosted Top Jets: Precision Measurements

large jet
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Jet mass is best diagnostic
» Clear top jet peak
= Background is flat

tt (all-hadronic) 3250 + 470
tt (non-all-hadronic) 200 4 40
Single-top-quark 24 + 12
tt+W/Z/H 33 £ 10
Multijet events 810 + 50
Prediction 4320 £ 530
Data (36.1fb™1) 3541

T T T T T T T [ T T T [ T T T [ T T ]
%J 200— ATLAS Signal region —
@ - Vs=13TeV, 36.11b" ]
@ 180 i (all-had) ¢ Data 2015+2016 —
GC) C @ tt (non all-had) B Stat. Unc. -
> 160 mmSingle top | Stat. @ Det. Syst. Unc. —
L - tt+W/zZ/H Stat. ® Tot. Syst. Unc. -
140 M Multijet -
120 —
100 —
80 —
60 —
40 =
20— ol
© 5 1 5 ...........................................................................................................................................
FS
O O 0.5Eu e @
o 120 140 160 180 200 220

Leading large-R jet mass [GeV]
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P

Event properties : =
+ Rapidly falling vs p; i :Wz N
. Back-to-back pair production o B oo s
« Centrally produced o ]
JE 1

Affected by acceptance & SR SR st s

efficiency Prce]

:; :_‘A"I'L)-\S‘ T | S%gn;I r‘egi‘on‘ | =

« Correct by "unfolding” distributions g RN s
. . . § 6000; =téinn£;)|2 tao";;had Egg gn[():ét. Syst. Unc. 7:

« Measure normalized differential £ soook. mvniet St & Tot Syst Une. 3
cross sections vs. 13 variables " 000 -
3000; ¢ . é

d - y =

1 do % 2000; e e

1000 —]

d i

a3 05 S E

o 0 0.5 1 15 2
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Define a "fiducial phase space”:

Large-R jet p3'> 500 GeV
Large-R jet pv°> 350 GeV
Each associated with b-tag

Use a Bayesian unfolding
procedure to correct for
acceptance & efficiency

fﬁdt AXi ZM fﬂCC ijeco _Nég)

Pekka K. Sinervo, FRSC
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Relative Uncertainty [%]

Estimate systematic uncertainties

» Based on studies of data samples

= Modelling uncertainties come
from MC comparisons

» [ncorporated using
Bayesian priors

B T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T ]
120— ATLAS [J Total Uncertainty [ Stat. Uncertainty_|
- s=13TeV, 36.1 fb” — JES+TopTagging ---- Flavor Tagging -
100 Fiducial particle level Hard scattering = Parton shower _|
[ Normalized cross-section - MC Stat. Unc. ]
80—
60—
401
20
0
500 600 700 800 900 1000 1100
L' [GeV]
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1200

4 34

Source Percentage
Large-R jet energy scale 5.9 ¢
Large-R jet mass calibration 1.4
Large-R jet top-tagging 12 <=
Small-R jets 0.3
Pileup 0.6
Flavor tagging 8.3 ¢m
Background 0.9
Luminosity 2.0
Monte Carlo statistical uncertainty 0.9
Alternative hard-scattering model 11
Alternative parton-shower model 14
ISR/FSR + scale 1.1
Total systematic uncertainty 24
Data statistical uncertainty 2.3
Total uncertainty 24
25
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Compare with different matrix-
element calculations

= POWHEG

* Pythia v8 parton shower +
hadronization

« Herwig v7 parton shower +
hadronization

» MG5_aMC@NLO

« Pythia v8 parton shower +
hadronization

* Herwig v7 parton shower +
hadronization

= SHERPA 2.2.1

200

ATLAS

Vs=13TeV, 36.1 fb"’

300

_’_

I Stat. Unc.
[ Stat. @ Det. Syst. Unc.
Stat. @ Det. ® Mod. Syst. Unc.

Nominal (Th. Stat. ® Scale ® PDF Unc.)

POWHEG+Pythia8
Niamp=1-5My,, , NNPDF 3.0 NLO, A4

Alternative PDF (Th. Stat. Unc.)

POWHEG+Pythia8

Ngamp=1.5M,,,, , MMHT2014, A14

POWHEG+Pythia8

Neamp=1.5M,,,, , CT14, A14

POWHEG+Pythia8

Nyamp=1.5m,,,, , PDF4LHC15, A14

Alternative ISR/FSR (Th. Stat. Unc.)

POWHEG+Pythia8 (less IFSR)

Pgamp=1.5Myyp » 1.=2 =2, NNPDF 3.0 NLO, A14v3cDo

POWHEG+Pythia8 (more IFSR)

Noamp=3-0M,,;,, 11.=0.5 1_=0.5, NNPDF 3.0 NLO, A14v3cUp

Alternative ME/PS (Th. Stat. Unc.)

POWHEG+Herwig7

Ngamp=1.5My,; , NNPDF 3.0 NLO, H7UE

MG5_aMC@NLO+Pythia8

NNPDF 3.0 NLO, A14

Sherpa 2.2.1

NNPDF 3.0 NNLO

400
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Fiducial phase space

T T T I T T
Data
POWHEG+Py8
POWHEG+H7

MG5_aMC@NLO+Py8

Sherpa 2.2.1
Stat. Unc.
Stat. @ Syst. Unc.

‘_'_| _l T T T I T T T T T T T T T T T T I T T T T I T T T T I T T T l_ :‘_ 1 .6 T T T T I T T
> | ATLAS L] Data ] -_— : ATLAS
&S 107 f5=13TeV, 36.1fb" ng:ggﬂs — 2 4[ (5=13TeV,36.1 1"
e =  assa= + - 1= . |
S - - Fiducial phase space ..... MG5_aMC@NLO+Py8 - _g -
5 = Sherpa 2.2.1 - o 1.2
~. 102k Stat. Unc. — o N
) = Stat. @ Syst. Unc. 3 — 1‘_
© - — L
= L Tl - —
R _ 0.8 .
m o m 0.6
4l | -
- - 0.2
10°° = = E
: : 1 1 1 1 I 1 1
— | 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 C T
= ' ' ' ' ' : S
5| . 38
ol 3 3 g o)
D‘i_’ ) : a
1000 1100 1200
p.' [GeV]
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Data
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tt

1/o;-do_/dl il

Prediction
Data

[Gev™"]

T

t

-do,/dp

1/6ﬂ

Prediction
Data

Repeat the procedure, unfolding to parton-level
» Allows for direct comparison with NLO and NNLO calculations

= Qe e g = 2.2 T - 7“‘0“7
e g E E! 2 = . Data B . Data
r ] > F ATLAS ¢ Data E 3 F ATLAS = > 4ol ATLAS
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20 F@ =13 TeV, 36.1 G ] ,zE-  Parton level - PWG-+H7 b D g Paronlevel “PAVé’?‘fH’\ZC@NLO v oyt F Parton level - ;‘g’?*'ﬁc ONLOWPYE ]
[ Partonlevel " b 10 & p''> 500 GeV, p'2 v MG5_aMC@NLO+Py8— I p''>500 GeV, p'?>350 GeV * _al +Py8 a [ p!'>500GeV, p'?>350 GeV ***** _al +Py8 ]
E b7 500 Gev, g2 > 350 Gev MG5_aMC@NLO+Py8 -| S E Py >500GeV,pr>350 Gev " Sherpa 2.2.1 E 0% 6b T . Sherpa 2.2.1 = = L T Sherpa 2.2.1
=T T Sherpa 2.2.1 ] S C Stat. Unc. 3 © . Stat. Unc. ! = 107 Stat. Unc. -
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Generally good agreement
Several differences in differential cross

sections

= Rapidity distribution of top jets broader
= p; of top-pair system softer

=yt distribution
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Table 4: Comparison between the measured normalized particle-level fiducial phase-space differential cross-
sections and the predictions from several SM event generators. For each variable and prediction, a y* and a p-value
are calculated using the covariance matrix described in the text, which includes all sources of uncertainty. The
number of degrees of freedom (NDF) is equal to N — 1, where N, is the number of bins in the distribution.

Observable PWG+PYS8 AMC@NLO +PYS8 PWG+H7 (Il,n‘:)'l(:*[-Fp;,RS) z:;fﬁ;gzﬁ SHERPA 2.2.1
Y/NDF p-value | y)/NDF p-value | y)/NDF p-value | y*/NDF p-value | y’/NDF p-value | y*/NDF p-value
pfl‘.] 7377 0.36 8.2/7 0.32 8.0/7 0.33 9.1/7 0.24 8.7/7 0.27 9.3/7 0.23
lo!| 7.5/5 0.18 12.2/5 0.03 6.8/5 0.24 8.8/5 0.12 8.1/5 0.15 4.0/5 0.55
pffz 8.6/6 0.20 2.6/6 0.86 9.9/6 0.13 12.2/6 0.06 5.0/6 0.54 5.0/6 0.55
lo2| 37/5 0.59 4.6/5 0.46 3.1/5 0.68 3.5/5 0.63 3.2/5 0.67 2.9/5 0.72
m" 4.5/9 0.88 47/9 0.86 4.0/9 0.91 5.3/9 0.81 5.2/9 0.82 10.0/9 0.35
p'.f. 7.8/5 0.17 20.9/5 <0.01 12.6/5 0.03 15.0/5 0.01 1.9/5 0.86 1.9/5 0.87
/| 1.1/5 0.95 2.2/5 0.83 0.9/5 0.97 0.8/5 0.98 1.8/5 0.88 1.7/5 0.89
¥ 14.2/6 0.03 12.7/6 0.05 13.6/6 0.03 16.9/6 <0.01 10.1/6 0.12 18.5/6 <0.01
y‘; 2.5/6 0.87 3.3/6 0.77 2.2/6 0.90 2.6/6 0.86 2.8/6 0.84 3.0/6 0.81
l oi“| 1.9/6 0.93 53.1/6 <0.01 3.1/6 0.80 4.2/6 0.64 4.8/6 0.57 5.9/6 0.44
Ag” 0.9/3 0.84 16.3/3 <0.01 2.0/3 0.58 3.0/3 0.40 0.6/3 0.89 3.4/3 0.33
H.‘l’: 4.8/6 0.57 5.2/6 0.52 4.5/6 0.61 5.0/6 0.54 5.0/6 0.55 3.1/6 0.80
cos 6" 9.9/5 0.08 10.5/5 0.06 9.3/5 0.10 12.8/5 0.03 6.5/5 0.26 18.7/5 <0.01
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Leading Jet 7, Distribution (mi > 172.5GeV) Leading Jet 7, Distribution (mJ > 172.5GeV)
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Events

* Increase data sample « Systematic uncertainties

= Working with 2017 data = B-tagging — using top mass as
— X2 Increase a tool to constrain uncertainty
= Started collisions last week » Parton-shower & hadronization
— another x27? « Exploring the difference in models
= Measure doubly-differential ' impr_ovel the mOd?t'_S aft‘d/or make
- agging less sensitive to
cross sections difforences?
o T e e e m - ME modelling

E M, 168.5 = 05 1 1405 Moy 1685 = 05
3001 )T;pzezx = F X%130

« Ongoing effort with MC developers

= 600<|’3T<700 GeV e 1205 606<ll)T<700 GeV A
250— 3 F
2005 ] 100 to understand POWHEG and
150 | |:> o aMC@NLO differences
100: : 40:
50; 3 zoi
e e I S e R JRAs!
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Completed first differential cross-section
measurement using boosted top jets

« Exploring mass scales > 2 TeV

« Revealed generally good agreement with QCD
predictions

« Softer production than expected
* More top pairs at large angles

Discriminating between theory predictions

* Focuses activity on understanding physics
differences

Expect to make improved measurements over

next 2 years
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0014 oo :
Jets are extended objects 8 o N e B TR
 Contributions from additional S e !n:c:::;b .
interactions have significant g oo L so<p<rocevin<z
effect on observed properties 0008 ~0<NPV<3:Mean=116 104 ]
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Looked at algorithm with 2
variables:

Optimitized for jets with
pr > 500 GeV,

© Mg> 125 GeV

« 715, >0.58

T3z, T2y

21, Mg ATLAS Internal

721, V/dhz Simulation

d,p m3"® 500 GeV< P,
Vzs, /0y

Tos, \/ 23
\/E m;:lib
Tag, v/ d,_z
Tan, mit:hb
Q. vV dyz
Qu. T2y
Qu. v/t

Qu. mga’

Taz, Vs

Qu Tz

- 50% signal efficiency

20 25

Background rejection
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- 80% signal efficiency
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Trimming removes part of the QCD
jet as well

» Current parameters remove 100 GeV
subjet for a 1 TeV object!

* Requires good fragmentation models in
order to calibrate correctly

» Competing schemes for this
= Mass-drop
= CJ/A clustering

* Optimizing f_,; and R, remain open
questions

ATLAS Preliminary —®— Data 2012
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JLd:m.Sh.*E:BT&V Eﬁﬂrtrnn iop)
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Entries /10 GeV
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