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Large Hadron Collider

Proton-proton collision

g 7 TeV designed beam energy proton - (anti)proton cross sections
(up to now: 3.5/4/6.5 TeV) -

- colliding quarks and gluons
- factory of H/W/Z/top/...

- general: and CMS
- b physics: LHCb

- heavy ion: ALICE
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tt Production QLHC

Top quark: the known heaviest elementary particle (~ 170 GeV)

- mass at the EW breaking scale, large yukawa coupling with
Higgs, short life time, ...

tt production mechanism at LHC
- LO: gg — tt (main, e.g. 90% when /s=13 TeV) and qg — tt
(different parton density functions (PDF) f(x, Qz)g/ £
probability of parton q/g with energy fraction x of the proton
energy)

- current best gyota = o(pp — tt) of /s =13 TeV: 8321“2? pb
@NNLO + NNLL (soft gluon) in QCD (PRL110(2013)252004)
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https://arxiv.org/abs/1303.6254

tt Decay

“alljets” 46%
t — Wb almost all cases

- decay in 5x10~2°s, before
hadronization (10~23)

- W= tw(l=e/v/T) ~ 30% cases,

% +jets 15%
W — qq’ ~ 70% cases B ,

tHets 15%

"lepton+jets"

tt decay categorized according to number of leptons

- “dilepton® channel: 2 leptons with opposite sign (OS) of charge,
2 neutrinos, b and b quarks

“single lepton* channel: 1 lepton, 1 neutrino, a pair of light
quarks, b and b quarks

“all hadronic® channel: two pairs of light quarks, b and b quarks

more lepton — smaller cross-section but cleaner signal
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Not Just tt

hadron decays

- underlying events: beam remnant, multiple parton interaction
- parton shower (PS): initial/final state QCD radiation

- PS down to hadron scale — hadronization and hadron decays

Pile-up: (soft) events from other pp collision
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ATLAS Detector

tt final state: leptons (e/u), neutrinos, hadrons
Electron/Photon

* Inner detector track(s) +
Electromagnetic calorimeter

energy deposit

Muon
* Inner detector track +

Muon spectrometer track

le calorimeters Hadron

\\ lAr hadronic end-cap and
.\ forward calorimeters

* Inner detector track +

\
Pixel detector

/
|/ Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker H adr OIli cc al Orime ter

Semiconductor fracker

energy deposit

Neutrinos
* cannot measure directly — infer from momentum imbalance, but p, (beam
direction) unknown — called missing E; (MET)

* cylindrical system: azimuthal ¢ (0~ 27), n = Intan g (-5~5/1~179 degrees)
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Jet

Proxy Of QCD parton i ii n g‘i i “stable” particles.
- a QCD parton — a bunch of

collimated stable particles
- collect these stable particles — jet hadronization

- “reverse-engineer of the original
parton kinematics

Jet algorithm: e.g. anti-kt
- infrared/collinear radiation safe, robust against underlying
events and pile-up

- circular cone shape: AR = \/An? + A¢?) = 0.4, in (1, ¢) plane
Identify b-quark/b-jet: b-tagging
- e.g. displaced decay vertex (wrt hard event vertex): b-hadron

flies ~1 mm before decays
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Typical Selection

Object kinematics selection

- high pT (e.g. pT > 25 GeV) and central || (e.g. |n| < 2.5)

- remove electron/photon in crack region between barrel/endcap
Lepton/photon isolation

- additional E/p in a cone of AR = X around the object

- small (large) isolation for prompt (non-prompt/jet-fake)

lepton /photon

Primary vertex (PV) selection

- formed by fitting tracks, choose the one with max >, , p*
Lepton impact parameter selection

- track close to PV in beam direction and transverse plane
Pile-up jet suppression

- pile-up jet has more tracks NOT from PV
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Typical Selection

Event selection
- single lepton channel: 1 lepton, MET, > 4 jets, > 1 b-jet
- dilepton channel: 2 leptons with OS, MET, > 2 jets, > 1 b-jet
- use > instead of “==" to account for additional jet from QCD
radiation and inefficiency of b-tagging
Background suppression
- single top, W /Z+jets, diboson (WW /WZ/ZZ), non-prompt and
fake leptons

- single lepton channel: transverse W mass m%v =

\/2p€rp’}(1 — cos A¢p > 30 GeV, for events with fake lepton or
MET or not containing W intermediate state

- dilepton channel: lepton pair invariant mass my, > 10 GeV and
¢ [85,95] GeV, for low-mass Drell-Yan (DY) and Z+jets events
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tt Analyses

Inclusive and differential tt cross-sections

- challenge pQCD calculation and check MC generators (e.g. too
hard MC tt pT, arxiv:1908.07305)

sensitivity to large-x gluon PDF (JHEP04(2017)044), m,
background to rare SM process / BSM search

1.3 19(x,Q)/ge(x,Q)
ATLAS o Daa
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https://arxiv.org/pdf/1908.07305.pdf
https://arxiv.org/abs/1611.08609

tt Analyses

Top quark mass (m;): fit to observables sensitive to m;
- key SM parameter, vacuum stability, mass definition
tt charge asymmetry: tiny effect, sensitive to BSM

- SM: top closer to beam direction than anti-top in average

P
= o . o
tt spin correlation < ATLAS
. \s=13TeV, 36.1fb"
(Arxiv:1903.07570) 3 T
H
. . o N
- top life time much smaller than g e
spin decorrelation time E
. £ — Powheg#+Pythia8
- spin correlation propagated to " PPa scale upldown
0.96] — NLO QCD+EW (i, =m,)
decay products :lnl‘.;'\l:CD+EWscale up/down
—— NNLO
- deviation from NNLO prediction 01021 FEI NNLO scale upidowm
. ATLAS 0 010203040506070809 1
in

Parton level Ag(I",)/nt [rad/n]
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https://arxiv.org/abs/1903.07570

tt Analyses

Flavor-changing neutral current (FCNC)
- t — Xq, where X = H/Z/g/~ and q a light up-type quark
tt associated production with X
- X = H/Z/~, top neutral couplings, (in this talk)
= (in this talk): test pQCD and tune MC,
important background process
(in this talk)
- H— WW and WW measurements
More not covered here
- jet substructure, top polarisation, single-top production, ...
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tt + Jets in ey Channel
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Introduction

as ~ 0.1: normal to have QCD radiation, i.e. additional jets, in
tt production/decay

- resolved jet with hard pr, otherwise not easy to measure/predict

Why interested in tt + jets?

Data ——

- testing pQCD at top mass scale E Early Run2 ===

Improved Run 2 ==

- test/tune MC generator 5 ATLAS Preliminary
(ATL-PHYS-PUB-2018-009) se VTR

- background to other analyses
Why in ey channel?

- clean signal sample with tiny
background
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https://cds.cern.ch/record/2630327

Predictions & Experiments

Theoretical predictions

tt+ 1 jet:

NLO prediction: PRLI8(2007)262002, NPB840(2010)129-159
interfaced to PS: JHEP04(2015)114

non-resonance and off-shell: PRL116(2016)052003

tt+ 2 jets:

NLO prediction: PRL104(2010)162002

implementation in PS: PLB06(2015)060

Experimental measurements (ATLAS)

7 TeV dilepton: EPJC72(2012)2043

7 TeV single lepton: JHEP01(2015)020

8 TeV dilepton of emu: JHEP09(2016)074

13 TeV dilepton of emu (partial dataset): EPJC77(2017)220
13 TeV single lepton (partial dataset): JHEP10(2018)159
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https://arxiv.org/abs/hep-ph/0703120
https://arxiv.org/abs/1004.3284
https://arxiv.org/abs/1412.1828
https://arxiv.org/abs/1509.09242
https://arxiv.org/abs/1002.4009
https://arxiv.org/abs/1402.6293
https://arxiv.org/abs/1203.5015
https://arxiv.org/abs/1407.0891
https://arxiv.org/abs/1606.09490
https://arxiv.org/abs/1610.09978
https://arxiv.org/abs/1802.06572

Analysis Overview

Selection: 1 pair of OS e and p, >2 b-jets
- high signal (tt) purity: > 95%, Wt (MC) and fake lepton
(data-driven) background
- additional jets are measured: jet not corresponding to the two
b-jets from top decay
Fake lepton background
- varied selection: SS e and u — fake lepton control region
Pile-up additional jet background:
- 1. vary pile-up simulation
- 2. revert pile-up suppression — pile-up jet control region
Unfolding: iterative Bayesian

- from observed distribution to truth distribution: strip off
detector /pile-up effects
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Observables

Gap fraction (here), pr spectrum,
jet multiplicity

fraction of events with 0
additional jet of pr > X and
[rapidity| € [Y,Z] over all events
sensitive to 1st real emission by
matrix element (pQCD) and
parton shower (non-pQCD) and
their matching

upgraded version: allow
additional jets, but p7 sum of
additional jets < X, sensitive to
all emission

analysis ongoing (results here
from last published analysis)
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ATLAS

Vs=13 Tev, 32 fb™*
veto region: |y| < 0.8
—— Powheg+Pythia8
--- MG5_aMC@NLO+Herwig+:
Sherpa v2.2
® 2015 Data
9 Stat. Uncertainty
Stat.+Syst. Uncertainty

Powheg+Pythia6 (RadHi)
Powheg+Pythia6 (RadLo)
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Heavy-flavor Additional Jet

Why heavy-flavor jet:

- multi-scale problem: pt of jet and b mass: hard to
predict/model, see Frank Siegert’s talk in TOP2019

Feature on top of tt + jets measurement

- measure relative fraction of b/c/light-flavor jet out of all
additional jets by fitting b-tagging score

Observed heavy
flavor more than MC
predictions
- JHEP04(2019)046
- systematics:
b-tagging and fit
of its score, tt
modelling

ATLAS
V§=13TeV, 36.1fb~!

u
lepton+jets ( = 4b) 'i

Data-tiX(X=H,V) @
eu(=3b) Stat. uncert. =
Total uncert.
Sherpa 2.2 tibb (4FS) =

[ Powheg+Pythia8 ttbb (4FS) M
eu(=4b) ".' PowHel+Pythia8 tibb (5FS) m
u
1

lepton+jets ( = 3b)

PowHel+Pythia8 ttbb (4FS) ®
0 05

1.0

1.5

Ofiq [fb] Pred./(Data - tX)
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https://indico.cern.ch/event/792576/contributions/3412364/attachments/1913420/3162506/2019-09-24-ttbb-TOP-Beijing.pdf
https://arxiv.org/abs/1811.12113

Issues of Previous Analyses

Jet order swapping

- an observed subleading jet could be the leading truth jet due to
resolution effect (20% case)

- previously discarded, now enter the unfolding
Optimization of unfolding algorithm
- comparison with other unfolding methods: e.g. TUnfold

New observables
- e.g. recoil of the leading additional jet wrt ttbb system

Large systematics

- jet (to PFlow) and b-tagging (to new tagger) performance
expected to be improved

- new tt modelling benchmarks
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tt + Photon

JHEP11(2017)086, EPJC79(2019)382, ATLAS-CONF-2019-042
ATL-PHYS-PUB-2018-049

21/53


https://arxiv.org/abs/1706.03046
https://arxiv.org/abs/1812.01697
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-042/
http://cdsweb.cern.ch/record/2652168

tty Process QLHC

Radiative production
- a photon radiation on top of tt production: e.g. top quark,
initial charged parton

Radiative decay
- photon radiation during top decay: e.g. W boson, final state
charged particle
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Why Measuring tt~y

Probe the structure of ty coupling

- electric (&) and magnetic (k) dipole moments:
PRD71(2005)054013 PRD87(2013)074015 (by tEy/tE ratio),

- EFT dimension-6 operators 03, 03,%: NPB812(2009)181

Enhanced tt charge asymmetry in tty process
- JHEP04(2014)188, EPJC79(2019)189

LA N !
™ ft Tevatron O Inclusive

tiy LHC 8 TeV

tly LHC 14 TeV

ttLHC 8 TeV
5,

pp 14 TeV
20y, B >20 GeV
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https://arxiv.org/pdf/hep-ph/0412021.pdf
https://arxiv.org/pdf/1212.6575.pdf
https://arxiv.org/pdf/0811.3842.pdf
https://arxiv.org/pdf/1402.3598.pdf
https://arxiv.org/abs/1812.10535

Predictions & Experiments

Theoretical predictions
- LO calculation: PRD64(2001)094019, PRD71(2005)054013
- NLO QCD: PRD80(2009)014022, PRD83(2011)074013
-~ NLO EW: PLB766(2017)102
- evuvbby in NLO QCD: JHEP10(2018)158

Experimental measurements
- evidence: CDF PRD84(2011)031104
- observation: ATLAS 7 TeV PRD91(2015)072007,

- measurements: CMS 8 TeV JHEP10(2017)006,
JHEP11(2017)086,
EPJC79(2019)382,
ATLAS-CONF-2019-042
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https://arxiv.org/pdf/hep-ph/0106341.pdf
https://arxiv.org/pdf/hep-ph/0412021.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.014022
https://arxiv.org/abs/1102.1967v2
https://arxiv.org/pdf/1803.09916.pdf
https://arxiv.org/pdf/1803.09916.pdf
https://arxiv.org/abs/1106.3970
https://arxiv.org/abs/1502.00586
https://arxiv.org/abs/1706.08128
https://arxiv.org/abs/1706.03046
https://arxiv.org/abs/1812.01697
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-042/

Analysis Overview

A lot in common with typical tt analysis
- similar event selection and background sources: e.g. W+jets
(W~—+jets)to tt (tty) analysis in single lepton channel
Prompt photon v.s. fake photon or non-prompt photon
- prompt photon directly from ME: e.g. ttvy
- j— ~ fake: jet misidentified as photon; photon from jet
fragmentation or hadron decay (non-prompt photon)
- e — v fake: electron misidentified as photon (missing track,
failed track/calo. matching, fake photon-conversion vertex);
photon from hard electron brem. (non-prompt photon)

25 /53



Analysis Overview

No total tty cross-section

- soft/collinear photon radiation — divergence — only fiducial
cross-section is well defined

Typical phase space

- lower bound to: photon pr, AR (photon, charged final state
particle), invariant mass (photon, charged final state particle)

- photon isolation: upper bound of pr sum of nearby particles,
Frixione isolation (PLB429(1998)369-374)

MC simulation

- full simulation (currently employed, only in LO): radiative
production + radiative decay + their interference

- normalize to NLO theory calculation
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https://arxiv.org/abs/hep-ph/9801442

Event Selection

tt leptonic decay channels were analyzed

- event selection factorized into tt and photon (shown here) parts

- suppress fake photon and photon from non-tvy vertex

- fiducial cross-section defined in similarly selected phase space at
particle level (but removing Z-mass and MET cuts)

8 TeV

13 TeV (36) | 13 TeV (139)

Channel

single lepton

all leptonic dilepton

Photon prcut

15 GeV

20 GeV

e — v in single electron

|m(e,v) — mz| > 5 GeV ‘

Z7 in dilepton

m(€,¢,~v) — mz| > 5 GeV

Min. AR(~,J)

0.5

0.4

Min. AR(y,£)

0.7

10| 0.4
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Event Yields

Single lepton channel: ~3000 and ~12000 events selected for
8 TeV and 13 TeV (36) analyses

- large statistics, complicated backgrounds

- isolation not applied but fitted in 8 TeV — much larger j— =

ty

jo oy Fake | 3% 8
Others+~
Fake Lepton
Wr+jets

Others+~

Fake Lepton

j— 7 Fake
Wry+jets

e — v Fake e — ~y Fake
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Event Yields

Dilepton channel: ~ 900 and ~3000 events selected for 13 TeV
(36) and 13 TeV (139, eu) analyses

- smaller statistics, higher signal purity

- changed signal definition at 13 TeV (139, eu)

tty

Others+~

Zy+jets
j— ~y Fake

tty ep

Others+y
Fake Photon

_ Wiy
tty others
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j— v Background (8 TeV)

Source: mainly from tt + jets, then any jet —

T

>
[}
o
=
[}
8
(=X
=
o

ATLAS
s =8TeV, 20.2 fb*

— Prompt y Template; Simulation
— e~y Fake Template; Data
— Hadronic Fake Template; Data
W 7 74 Uncertainty

10 12 14 16 18 20
Pl [GeV]

Isolation template
method
- j— v template
from multi-jet
data

- e — « template
from data-driven
method

- signal template
from MC
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j— v Background (13 TeV 36)

ATLAS Simulation —— Prompt photons

3 Vs =13 TeV, 36.1 fo’ ¢ Had-fake
o efake

2
H
2
I
s
<
L
g
g
[

Prompt photon tagger (PPT)

- neural network (NN) trained
with characteristic quantities of
shower shape on calo.: e.g.
lateral spread of energy deposit

Fake / Prompt

Prompt-photon tagger output

Normalization by “ABCD* method

- shape fed into another signal NN
- reverse shower-shape and/or isolation

D
A | R \ .
cuts to construct 3 j— ~ control regions
c - Dest. = 3:: X Cest.
- non-closure corrected by MC

fail-tight ~ tight Photon ID

isolated

°
2
v}
o
2
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e — v Background

Mainly for single lepton channel and from tt— el and Z — ee
Tag & probe method utilizing Z — ee decay

tag: a well identified electron triggered the event

probe: an electron or photon object back-to-back w.r.t the tag,
and invariant mass of (tag,probe) close to Z peak

fake rate: probe-photon / probe-electron

non-Z background in one template: fit m(T,P): double-sided
Crystal-ball (Z) + polynomial (non-Z2)

8 TeV

apply fake rate to another CR: replacing SR photon requirement
by electron requirement

13 TeV (36): more decomposed/detailed study

probe-photon composition studied with MC — Z~ subtracted

fake rate data/MC: 0.8~2.1, large correction in central eta region
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V~-+jets and Fake Lepton

Vy+jets (V= W/2)

W~+jets in single lepton channel: control region in 8 TeV while
floated in 13 TeV (36)

Z~ from MC but checked in dedicated validation regions (only
13TeV 36)

Fake lepton

source: lepton from heavy flavor decay in jet, jet misidentification
single lepton channel: select loosely and tightly identified leptons

loose __ pjloose loose
N =N F Nfakc

real
NIERE = NEGE 4 Niie' = ereaNeegh™ + eare e
with measured €,c, and €gay e, solve equation for th;ilelt
8 TeV with assumed 50% systematics — 13 TeV with dedicated
sys. study
dilepton channel: one true + one fake, negligible, checking

same-charge lepton-pair events
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Fit in Single Lepton Channel

8 TeV fit isolation, 13 TeV fit NN trained with
- jet multiplicity, jet prs, b-tagging scores, MET

- PPT, photon-lepton invariant mass

ATLAS ® Data Wy

s=13TeV,36.1 o' MHaddae  Wedfake

Single-lepton [JFakelepton  [Jwy
[Other prompt. 77 Uncertainty

ATLAS e Data
\s=8Tev, 202 fb? L
e-y Fakes
[ Prompt y Bkg
Hadronic Fakes
77 Uncertainty

Events / GeV
Events /0.01

Single lepton channel Post-fit

»
&

-
o
a
E
T
o

Data / Pred.
I b
@
S
.

6 8 10 12 14 16 18 20
p:” [GeV] ) 01 02 03 04 05 06 07 08 09 1

Event-level discriminator

o
S
&
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Fit in Dilepton Channel

13 TeV (139) fit St, 13 TeV (36) fit on NN trained with Extract
fiducial cross-section by fitting NN trained with

- jet multiplicity, jet prs, b-tagging scores, MET

- dilepton invariant mass

M ATLAS Internal & Dat: t:
ATLAS @ Data Wy niernal ¢ Data Mty e

5 g
5=13TeV,36.1 o' @Hactake  Meake i -o‘f:i

i 2 | Other prompt
Dilepton !U:mamw [otner promp [JPrompt ¥~ Uncertainty

Events /0.17

Post-fit

47714 y2prob = 0.40

2
g O iin® §¢*++

8
o
[
g
©
a

Data / Pred.

01 02 03 04 05 06 07 08 09 1 O500 300 400 500 600 700 800 900 10001100 1200
Event-level discriminator S, [GeV]
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Cross-sections (8 TeV)

Measured v.s. NLO theory
(PRD83(2011)074013) s V858 Tev, 202"

Single lepton channel
- oSk = 139 + 7(stat.) & 17(sys.) fb oo
- systematics: fake photon, JES, W+~ 3 Dem G rsyet)
Differential cross section measured via
bin-by-bin unfolding

Data/Pred.

T50 200 250  300)
NLO prediction based on Photon p, [GeV]

PRD 83 (2011) 074013

stat total 3 180C-ATLAS = NLO Pred.

£ 160F- Vs =8 TeV, 20.2 fo*  # Data (Stat)

Vs=8TeV 20.2fb*

This work i

Vs=7TeV 459 fo*
PRD 91 (2015) 072007

l1—0—0—0—|

Data/Pred.

002040608 1 12141618 2 22
Photon |n|

fid; GSM
Oﬁyloﬁy
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https://arxiv.org/abs/1102.1967v2

Fiducial Crosssection (13 TeV)

Measured (36 fb=!) v.s. NLO theory (PRD83(2011)074013)

- o5 = 521 £ 9(stat.) £ 41(sys.) fb

- ohF = 69 + 3(stat.) £ 4(sys.) fb

- systematics: JES, tty/tt modelling, Pileup, Lumi., PPT in SL

—— Total

ATLAS —— Statistical
Vs=13TeV,36.1fb! Theory

Total (stat  sys)

. +0.09 (+0.03 +0.08)
e+jets 07 008 (-0.03 -0.08)

: +0.09 (+0.03 +0.09)
Ji+jets - -0.09 (-0.03 -0.08)

» +0.13 (+0.09 40.10)
1 M 012 (-0.08 -0.08)

+0.08 (+0.05 +0.06)

e 99 908 (-0.05 -0.06)

ce 4014 (+0.10 +0.10)
0 043 (-0.09 -0.09)

o (+0.02 +0.08)
Single-lepton L .08 (-0.02 —-0.08)

: (+0.04 +0.06)
Dilepton : (~0.04 ~0.06)

+0.06 (+0.02 +0.06)
06 (-0.02 -0.06)

20
N NLO
Unu;, / Uﬁ»y
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https://arxiv.org/abs/1102.1967v2

Fiducial Crosssection (13 TeV)

139 fb~! ey v.s. 36 tb~L ep

- compare directly with evurbby NLO calculation in
JHEP10(2018)158: 1. excluded signal with a e/u from prompt 7
decay; 2. unfold to parton level instead of particle level

- tty in non-ey channels and Wty as dominant backgrounds
Fiducial region: strictly eu, not including 7 lepton decay

- similar pr/n cuts on e/u/v/b/b-jets as before

- AR(¢,7), AR(e, 1), AR(¢, b/b-jets), AR(b-jet,b-jet) > 0.4
Fiducial cross-section

- measured: 44.2 + O.9(stat)f§:2(sys) fb

- theory: 39.50J_rg‘.?g(scale)i'%(PDF) tb

- dominant systematics: MC modelling of tty and Wty
Notes

- theory includes Wty and non-resonant, while measurement is tt~y
only
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https://arxiv.org/pdf/1803.09916.pdf
https://arxiv.org/pdf/1803.09916.pdf

Differential Cross-section

13 TeV 36 fb~!: unfold pre-fit observables with Iterative
Bayesian method

- photon pr and ||, min. AR(4, ), dilepton A¢ and An
- compared to signal MC + its PS/ISR variations
- tty by tt + parton shower (PS) has softer pr

ATLAS o Unfolded data ATLAS o Unfolded data
- 1 —— MG5_aMC + Pythia8 - + —— MGS5.aMC + Pythia8

fs-1aTev,serfo’ T Ao ST Herwig? Vs=13Tev,36.11"  —— BAsout Herwig7

Normalized cross-section — ae oo + bumes (14 Up) Normalized cross-section — liae—avo + pomes (A14 Us)

Single lepton MGS5_aMC + Pythia8 (A14 Down) Dilepton IG5_aMC + Pythia8 (A14 Down)
- Powheg + Pythias & - - Pouheg + Pythias f

- St = Stat
Stat 0 Syst. Stat 0 Syt

0
1.5
1

Pred./Data
Pred./Data

o
o

Other/Nom.
Other/Nom.

250 300
p,(y) [GeV]
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Differential Cross-section

13 TeV 139 fb~!: unfold pre-fit observables with Iterative
Bayesian method

- photon pr and ||, min. AR(4,~), dilepton A¢ and An

- compared to signal MC —+ its PS variations and NLO theory
including non-resonant /off-shell

ATLAS Internal Unfolded data ATLAS Internal ® Unfolded data
Vs=13TeV, 139 1b" —— MadGraph5 + Pythia8 F Vs=13TeV, 139 fb" —— MadGraphs + Pythia8
Normalised cross-section — MadGraph + Herwig? Normalised cross-section . padGraphs + Herwig?
o 4 TheoryNLO e A Theory NLO
[ stat ! I stat.
Stat @ Syst. Stat @ Syst.

@ -1
T ©
8 8
3 3
i 3
& N

Theory/MC
TheoryMC

200 250 300
P(y) [GeV]
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HL-LHC Projection

HL-LHC: 14 TeV 3000 fb~1
- projected from 13 TeV 36 fb—! analysis
- same experimental and half theoretical uncertainties

- also the first tty EFT interpretation: limit an order of
magnitude lower than current limit

ATLAS Simulation Preliminary
(s=14Tev,3ab"v.s. \5=13TeV, 36 fb"
Single lepton, normalised
13TeVsiat [ 13TeV sys. 13TeV o
B aTevsat  EE14Tevsys  EE14TeVto

ATLAS Simulation Preliminary

(s=14Tev,3ab"v.s. s =13 TeV, 36 o
13TeVstat [ 13 TeV sys. 13TeVtot.

BN 14TeVstat EE14TeVsys. [14TeV ot

g
2
£
g
3
8
g
5

Uncertainty (%)

o—= n y
etjels ptjets  ee H 35 50 65 80 95 110 140 180 300 5001000
Channel p.(v) [GeV]
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tt as Background

PRD92(2015)012006, PLB763(2016)114
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https://arxiv.org/abs/1412.2641
https://arxiv.org/abs/1608.03086

HWW Analysis

Signal: H - WW* — vl
- 2 OS leptons and MET, 2 fwd jets (if VBF)
- observe Higgs, probe its properties: spin, off-shell coupling

Sub-channels and backgrounds

=

- 0/1/> 2j, same/different ”:}){gq:iu L _{g{“

flavor leptons, ggF/VBF 9 o Ty,
q

(Bt L PR P

enriched (R

ggF production VBF production

- significance dominated by 0j

DF leptons q " {W
- backgrounds: WW, top, M e

non-prompt and fake leptons, Il;l

dihosonl VH production
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Top Background in 0J eu

Small background but comparable as signal — its precision limit
the lower limit of signal measurement precision
- estimation: Jet Veto Survival Probability (JVSP) method

- MC based sys of > 20% v.s. JVSP sys of ~ 8%

ATLAS
(s=8TeV, 20.3fb™

Events / bin

t Obs * stat
% Exp £ syst

=0
252

3
«
n

5]
O
]
0O Misid
5]
]
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Definition of JVSP

JVSP = Jet Veto Survival Probability
- Probability of top quark background surviving jet veto
- Jet veto: veto event which has any jet with p7 > 25 GeV

b) All jets, e
Niop,0j = Niop,inc. X JVSP (o) All j u

- Niop,inc., jet inclusive top
quark event, easy to control

=
Ie)
—~
[2]
2
c
o
>
Ll

- Niop,oj, 0 jet top quark event,
quantity of interest,
sensitive to theoretical and
experimental errors because

of JVSP
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Formulation of JVSP

Leading Order (LO) picture

JVSP = Py = Py X Py = P?

- For convenience, JVSP is denoted as P,

- Pp1 and Py are the probabilities of the 1st and 2nd b-jet to have
pr < 25 GeV

- Assume no correlation (2% precision) between Pp; and Py —
they are denoted as P;

P1 can be measured with data

- Denote jet with pr / 25 GeV as / jet
- 1 hard jet (also b-tagged) as tag of top quark event, the other jet
as probe

ol N1 hard+1soft

N>1hard

46 /53



[Mustration of Py/P;

b

/) Hard/Soft Jet 7' Soft Jet

t
w « ><P2
Q S
E— W

_\A-Iard/ Soft Jet Y Soft Jet
b

7 Soft Jet

v Hard Jet VY Hard Jet
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Beyond LO of JVSP

At beyond LO, QCD radiation modifies JVSP (P)

P, = P} x P,
- P,: probability of the rest jets to be soft, predicted by MC

data __ data,2 MC
pgata —  pgeta2 . pl

data
Pl ) 2

MC
FH

= P

Extend P; definition to absorb
P, to reduce residual
dependency on MC

0 1 2 3 4 5 6 7 8 9 10

o)
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Systematics of JVSP

MC
Top quark modelling systematics (of %)
1

- 3.3% parton shower (PS) uncertainty: fHerwig v.s. Pythia6
- 1.2% matrix element (ME) uncertainty: POWHEG v.s. MC@QNLO

1.6% PDF uncertainty: CT10 v.s. 1) CT10 eigenvector error sets 2) MSTW
3) NNPDF

- 0.7% QCD scale uncertainty, tt/Wt interference uncertainty, ...

Other systematics

- 4.6% experimental uncertainty, dominated by jet energy scale/resolution

(JES/JER)

- 1.5% non-top event subtraction uncertainty

Other checks

- Varying 1) definition of the probing jet 2) exponent of 2, ...

- Results are stable against these checks
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WW 1] Measurement

Test SM

- pQCD calculation available for NLO+NNLL (by the time)
- 1.40 tension of obs./pred. total xsec. (from 0 jet fiducial)
- top background largest even after b-veto

- “4n-situ” method for top background: 5% sys

ATLAS —— Data
s =8TeV, 203" T ww
[ Top Quark.

Drell-Yan

900 ATLAS —— Data
's=8TeV, 203" [ Top Quark

v v + tjet

Events /5 GeV
Events / 10 GeV

% stat. @ syst unc. % stat. @ syst. unc.
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“In-situ” Method

Measure the b-tagging efficiencies in the situation

bveto __ bveto
N, after M before

bt
. Naftzgr; % (1 b )

X

thag

- reverse b-veto to form top control region: N ;>

- Imeasure €niag from 2b/2jets and 1b/2jets regions

- €ntag Measured in 2 jets region — bias of applying to 1 jet region

considered
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[llustration of “In-situ’

nj:1
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Summary

Overview of active top-quark related topics
- inclusive/fiducial /differential cross-sections
- top properties: charge, mass, spin
- tt event topology: charge asymmetry
Detailed presentation of

- ongoing: tt + (heavy-flavor) jet, important for almost all
top-related analyses, plan to improve precision by addressing
issues not considered in previous round

- tty: from 8 TeV to 13 TeV full data set, close communication
with theorists, far more advanced than CMS, precision from 28%
at observation time down to 6%

- tt background in HWW /WW analyses: phase space of soft b-jet
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BDT for Higgs Spin in 1 Jet
Channel

Four inputs: pzf, myp, Dge, mt
- 2-D BDTs: spin-0 v.s. backgrounds and spin-2 v.s. backgrounds

- 1 jet channel: non-universal coupling spin-2 models,

e
~
o

— Background

o
~

ATLAS —
Vs=8TeV, 203" .

ATLAS + Data % Exp £ syst
¥s=8Tev,203%" [llF=0 MEww
H - WWn=1,en [ Top Hzr

[ other v [ WHjet

Arbitrary units
Events /0.2

o et
N O w
o w &

I
N}

40 60 80 100 120 140 20 02040608 1
BDT,

Pl [GeV]
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Jet Inclusive Off-shell Higgs
Signal

Enhanced cross-section
- phase space opened at 2*W mass

- sizable negative interference with non-resonant WW

L o0, 1GEV]
5 2

S

Higgs decay width
- Combine on-shell and
off-shell measurements

eusdiu] SYI1LY.

4
K
Oon X — & oo X K

r
= x
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Reference

top MC modelling;:
https://indico.cern.ch /event /792576 /contributions /3405534 /
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LHC Schedule

LHC /HL-LHC Pla

Run 2 Run 4-5.

Lst Ls2 | 14Tev

13 TeV
Diodes Consolidation 5t075x
splce consolidation LIU Installation ol HL-LHC nominal

8TeV button collimate i luminosi
1rev 3TV RRtereieer TR inforact installation y
— Gl Eng. P1-P5

e | om |z [l

ATLAS - CMS
experiment upgrade phase 1 damage ATLAS - CMS

Tadiation

beam pipes m. luminosity HL upgrade

nominal lumin _Zxnom mnos  ALICE - LHCh 2 nominal luminosity
upgrade

R 4000 (ultimate)
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & comm. [[[[ PHYsICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION / BUILDINGS
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ATL-PHYS-INT-2014-037

In nj = 0 Channel

Method Template Extrapolation ‘ In-situ
Methodoloaril it R R IR T (o DR, | <l comeeted
foore = (——5-)2 fit to nj-inc SR with €k
Stat. A, 7.3 6.8 7.3
Exp. 4.6 (JES/JER) 17.5 (mis-b-tag) 13.6 (mis-b-tag) | 9.0 (mis-b-tag)
Theo. 3.8 (PS) 4.4 (ME) 3.6 (ME) 1.9 (PDF)
Non-top LD 2.8 1.8 2.0
Total 6.5 19.6 15.7 11.9

- uncertainties in the table are evaluated at jet-veto or b-veto cut stage, slightly different
from coupling paper

- JVSP has least stat. error; others much larger due to they use the small top CR:
nj = 0&npi>0,25) # O
- JVSP not sensitive to b-tag, while others do
- In-situ has least theo. uncert.: large cancellation of systematics between e IS\%C and e I\C/IFC{:
- Non-top includes WW / Z+jets with assumed 6% / 5% uncertainty

- Overall, JVSP suffers from much smaller uncertainty
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