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Introduction

Standard Model measurements at the LHC are
reaching unprecedented levels of precision and
extending their reach to previously unexplored
regions of phase space
Measurements in the high-pT regime are
especially interesting because of sensitivity to
new physics

o Highly boosted heavy resonances (top quarks, H/W/Z

bosons) appear in final states

o Require employment of boosted object taggers with
good signal efficiency and background rejection

Collimation of final state objects can simplify
combinatorics in event reconstruction
compared to traditional, resolved topologies




ATLAS Measurements



Measurements involving boosted top quarks



ttbar measurements in boosted topologies

Low p. P
e ttbar events characterised by large multiplicity b
of objects in the final state (multiple jets,
b-jets, leptons, MET)
o Challenging event reconstruction
e Boosted topologies reduce combinatorics and a

All jets 44%
simplify top quark reconstruction |
o Especially important in the all-hadronic channel
e Boosted tagging techniques also essential to
access high-pT regime
o  Study tails sensitive to new physics effects

T+jets 15%

u+jets 15%

e+jets 15%
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Measurement of ttbar production (0-lepton) .

e All-hadronic ttbar channel
o Largest tt branching fraction (when including hadronic t decays)
o Swamped by multijet background
o Large combinatorics in resolved state (6 jets, 2 b-jets)

e Boosted top quark reconstruction can be used to improve
combinatorial background

e Tag boosted top quark jets with substructure observables
o anti-kT R=1.0 jets built from locally calibrated topoclusters in calorimeter
o pT-dependent cuts on mass and t,,
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Measurement of tt production (0-lepton)

e All-hadronic channel suffers from very large multijet

background
o  Essential to have high-purity tagger

e 50% efficiency working point chosen for top tagger
e 70% efficiency MVA-based b-tagger

e Events selected with >=2 anti-kT R=1.0 jet

with pT>350 GeV
o pTlead > 500 GeV, |mJ - mtop| <50 GeV
>=2 anti-kT R=0.4 jets
e Main background: multijet production
o Estimated with 2D sideband (extended ABCD)
technique based on top-tagging and b-tagging
state of two leading jets in event

o Weak correlations between tagging states
measured in data
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Measurement of ttbar production (0-lepton)

Source Percentage
T T e Modelling uncertainties on ttbar T ¥
_ 1 [ Stat. @ Det. Syst. Unc. H Large-R jet top-tagging 12
fs=13Tev, 36.1 fo Stat. ® Det. ® Mod. Syst. Unc. p rOd u Ctl O n a n d bOOSted to p Small-R jets 0.5
: . . . . . Pileup 0.6
| Smencssaarorug tagging calibration uncertainties  Fuvor tagging 83
"R Ngamp=1.5My r\-:r-\lpgi a!(? NLO, A14 N N Background 0.9
A are the dominant systematics Luminosity 20
POWHEG P h: 8>) Monte Carlo statistical uncertainty 0.9
hdmp=1.5mwp,l\:—MH¥I't201I?, Ata Alternative hard-scattering model 11
' Alternative parton-shower model 14
e ISR/FSR + scale 11
POWHEG+Pythia8 Total syst.en.latic uncert.ainty 24
Ryanp=1.5My, . PDFALHC15, A14 Data statistical uncertainty 2.3
: P oo Total uncertainty 24
; ernative (Th. Stat. Unc.)
‘m POWHEG+Pythia8 (less IFSR)
E Nyamp=1-5Mygp ,uF=2 uR=2, NNPDF 3.0 NLO, A14v3cDo
- POWHEG+Pythia8 (more IFSR)
: I'|da,,‘p=3.cum‘op ,uF=D.5 uﬁ=0.5. NNPDF 3.0 NLO, A14v3cUp
Aternative ME/PS (Th. Stat. Une) . . . .
. PowdEGewer e Inclusive fiducial cross section compared to
5 MG5_aMC@NLO+Pythi 1
G5 aMO@NLOsPyihiad several different ttbar models
* Sherpa 2.2.1 o, e . . . .
L e e Sensitive to variations in PDF, fragmentation,
|||§||||||||||||||||\||| H
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Measurement of ttbar production (0-lepton) & “Fisear. =2
o” 10725_ g:;: gngg/st. Une. 3
e Differential cross sections measured with respect N

to several observables o
o Unfolded to parton level

10°E
e Good agreement between data and simulation = |
across top pT range 500 600 700 800 900 1000 1;5(:([)(_;;\/2]00
e Some differences observed in angular observables S ofamas o pm T
" Patonlevel PG 7 :
such as Xtt ’:: C py'>500GeV, pi°> 350 GeV "+t g‘ri?;:'\;g?NLO*nys:
= ! E 2::: gnSc)‘/st. Unc. E
o Measure of rapidity difference between top quarks in event g
o Sensitive to new physics effects, e.g. contact interactions 107
10*2;
* _ i1 52
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Measurement of ttbar production (1-lepton) arkie 1908 07300

e ttproduction in/+jets channel
o Presence of lepton, MET, b-jets can be exploited to greatly improve signal purity
o Lower combinatorial background makes resolved channel more accessible
e Boosted channel still essential to probe phase space with high-pT top quarks

o Sensitive to effects from new physics
o Complementary sensitivity to resolved channel
o Provides alternative reconstruction method for hadronic top quark

e Measurement of inclusive and Yo\
differential cross sections measured 0 top 1
separately in both channels T
=
QA i
Resolved Boosted 10
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Measurement of ttbar production (1-lepton) AOAA0807305

e Low background level in /+ jets channel allows use of more
efficient boosted top tagger

e Jet re-clustering employed to build large-radius R=1.0 jets
using calibrated, R=0.4 jets directly as inputs

o Calibration and uncertainties propagated directly from R=0.4 jets

Smooth transition between resolved and boosted channels without
efficiency loss

(@)

Pr < 0.05pran
ky Trimming /-~
e Tagboosted top quark ~ Conventional P
R . constituents

using simp le mass Anti-k, R = 1.0 LC Rgyp = 0.2 jets Subjets are k; jets

WindOW Cut' topo-cluster jets

1 20 < mJ < 220 GeV , anti-k, Trimming pr < 0.05pran
e Tagging efficiency: 60%  Reclustered ? 2 Rec.uste,...%%

Anti-k; R = 0.4 EM R = 1.0 large-R Subjets are original R = 0.4

topo-cluster jets Jets Jets 1
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Measurement of ttbar production (1-lepton) arkie 1908 07300

b Resolved Boosted
b%v
q _____
(
q b
o Te/y o Te/y
e >=4R=04 jets e >=7 re-clustered R=1.0 jet
o >=2 b-jets (70% WP) o pT>350 GeV, 120 <m <220 GeV ¥ Top tagging
e Fail boosted selection ° hele)>1.0

>=1 b-jet (70% WP)
e >=1R=0.4 jet with AR(,j)<2.0, AR(j,J) > 1.5
e MET>20 GeV, MET+m.W > 60 GeV

12
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arXiv:1908.07305

Differential ttbar cross section (1-lepton)

e Modelling uncertainties on tt production are dominant in both resolved
and boosted channels

e Measurement precision varies between channels:
o Total uncertainty in resolved channel ~10-15%
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Differential ttbar cross section (1-lepton)
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Resolved

*: normalised to NNLO+NNLL (M. Czakon and A. Mitov, Comput. Phys. Commun. 185 (2014) 2930)
Scale+PDF+a,+m, uncertainty on the k-factor

Nominal

—_—l— POWHEG+Pythia8*
Ngamp=1.5m, , NNPDF 3.0 NLO, A14
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— POWHEG+Pythia8 Rad. up*

Pyamp=3m, , 1 =0.5 p_=0.5, NNPDF 3.0 NLO, A14 Var3cUp
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NNPDF 3.0 NNLO
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different tt models

Good agreement between
models in resolved channel
More variation between
models seen in boosted phase
space
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Alternative ME/PS
——— POWHEG+Herwig7*
Ngamp=1.5m, , NNPDF 3.0 NLO, H7UE
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Differential ttbar cross section (1-lepton)

e C(Cross sections unfolded to parton level are compared to NNLO

predictions
o Data agrees with predictions within systematic uncertainties
o More tensions observed at high-pT
o Results in resolved boosted channels agree in their regime of overlap
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10 & Vs=13TeV,36.1 b Stat.+Syst. unc. Z g s=13TeV, 3611 B Stat. unc. =

Gt , 36. C  Full phase-space Stat.+Syst. unc. 3
1 W pase-epacs v Boosted 1.6 |— Absolute cross-section —
LY o Stat.+Syst. unc. 14 E v Boosted e
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Charge asymmetry in boosted ttbar events i

e Top quark pair production is charge symmetric at leading order in
Standard Model

o tt production is LHC dominated by gluon fusion

o Small asymmetry expected from qg—tt production channel due to difference in pT of
valence quarks vs sea anti-quarks

e Charge asymmetric ttbar production expected in many BSM theories
o Anomalous vector / axial couplings, heavy Z, interference with SM production
o Charge asymmetry expected especially at high m_, B, (longitudinal boost of tt system)

e Measurement performed in boosted and resolved channels and
combined to maximise sensitivity

N(Aly| > 0) — N(Aly| < 0)
N(Aly| > 0) + N(Aly| < 0)
Aly| = |y:] — |ysl 16

Ac =
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Charge asymmetry in boosted ttbar events i

e Both resolved and boosted channels required to

contain exactly 1 e/p
o MET>30GeV, m.">30 GeV (e channel)

o MET+m">30GeV (u channel)
o >=1b-jets (1b and >=2b regions divided)

Resolved Boosted
e Remove events passing boosted e >=1R=1.0jet()
channel ° hele))> 23
o pT>350 GeV
o >=4jets (R=0.4) o Tagged as top quark based on mass

e Reconstruct ttbar system using BDT
with 13 input variables

O

and t, variables
Tagger cuts chosen to produce 80%
signal efficiency

e >=1R=04jet ()

O

AR j)< 1.5, AR(j,))> 1.5

e m, > 500 GeV

17
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Charge asymmetry in boosted ttbar events ATLAS-CONF-2016-076

o 0.07¢ T T T T J
< E ATLAS Preliminary]
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. o . 02F -
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Measurements involving boosted Higgs bosons
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Measurements involving boosted Higgs bosons

e Measurement of Higgs boson in H—bb decay channel motivated
by large branching fraction
e Direct probe of Yukawa coupling to down-type quarks

e Sensitive to dim-6 operators in EFT &
o Effects grow with p "ees o

e Collimated decays at high-pT can be tagged by using jet
substructure and b-tagging information

o Reconstruct R=1.0 jets from locally calibrated topoclusters ?3-}:? ATLAS Saadeon Pouivary
m  pT>250GeV Soi S
m  m;>50/60 GeV (analysis-dependent) 3

o Reconstruct variable-R jets from charged tracks ( 0.02 <R < 0.4) 1
m  Match to R=1.0 jets by ghost association oodE-

m  Apply multivariate b-tagging algorithm to ghost associated track jets
e C(Candidate R=1.0 Higgs jets required to have >=2

LI s B B B B B Emam

: . f:-"::?""‘““"mwﬂm?gm,di
ghost-associated track jets R |
o Defined as Higgs tagged if leading 2 associated track jets are b-tagged e
e Tagger based on flavour tagging: Mass spectra after tagging with
o Minimal use of jet substructure information reduces mass sculpting of newest X->bb tagger (not used in
J pting presented results)
background

20
s


http://cdsweb.cern.ch/record/2724739

Measurement of VH(bb) production

Measurement of VH(bb) production with leptonic decays of
Z/W and boosted H—bb decays

High-pT regime particularly sensitive to new physics

Separate 0,1,2-lepton channels targeting Z(vwv), W(/ V), Z(¢/)
decays, respectively

o  >=1 Higgs candidate required in all regions
o p;'>250 GeVrequired in all channels ( Olep: MET, 1lep: pT(/+ MET),

2lep: pT(¢Y))
o Additional selection cuts used to suppress background (see backup)

Main backgrounds: ttbar, tW, V+jets
Events categorised into high-purity (HP) and low-purity (LP)

(e]

2

!

Large — R jet
Anti—k; R=1.0
pr > 250 GeV

2 VR track — jets

Highpr WorZ
pY > 250 GeV

signal regions, and ttbar control regions Categories
Channel 250 < p¥ < 400 GeV pY = 400 GeV
0 add. b-track-jets > 1 add. 0 add. b-track-jets > 1 add.
0 add. = T add. |b-track-jets| 0 add. > T add. | b-track-jets
small-R jets| small-R jets small-R jets|small-R jets
O-lepton| HP SR LP SR CR HP SR LP SR CR
l-lepton| HP SR LP SR CR HP SR LP SR CR
arXiv:2008.0250 2 pi e e
21


https://arxiv.org/abs/2008.02508

Measurement of VH(bb) production

e Dedicated corrections applied to large-R jet to account for
semileptonic b-decays inside it
o Add 4-momentum of closest reconstructed non-isolated muon within
AR =min(0.4, 0.04 + 10 GeV/pT“)
o Remove associated calorimeter clusters

e Improve scale and resolution of jet energy and mass further

in 2-lep channel by kinematic fit
o Require transverse momentum in event to fully balance

— T T
0.7 ATLAS Simulation o —
F fs=13TeVv,1391b' " 7
L aq— ZH— libb E .
0.6 2 lep., > 1 large-R jets, SR & -
F P!> 400Gev ! =

Events / 5 GeV

0.5 el =
C o Standard Calibration (std.) o 7
0.4F- » Muon-in-jet Correction 7 i

o Kinematic Fit

0.3 =
E oleew (o000, ]
02;_ — 153 0% _;
— — 129 16% -
01:_ -..--88 42% _:
E xE R,
0 I o e I .- | &
0 20 40 60 80 100 120 140 160 180 200
m, [GeV]
arXiv:2008.0250 2
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30

E C )‘ TLAS —e—Data
r Ny I VH, Hobb (1, =0.72)
° 2 gl fs=1aTev. 1398 I Diboson (1,,=0.91)
; r 2lep., > 1 large-R jets, SR B Z+jets
E [ 250 Gev <p < 400 GeV ft
o 40 . Wijets
C [] Uncertainty

— VH, H-bb x 2

i N T NS N N

Source of uncertainty Avg. impact
Total 0.372
Statistical 0.283 . et et
Systematic 0.240 %1‘51 :+_—+—+_+_+.+_ ““““ ‘+‘ = 'f
i inti 1 1 1 1 505 E, i L Tt 3
e e Results obtained with a binned profile & g5 %% w5 e m
m, [GeV]
Large-R jets 0.133 . . . .
e 0007 likelihood fit to mass of candidate
Leptons 0.010 . .
b-jets 0.016 Hi S |et 3 90F amas 7 e T
b-tagging | c-jets 0.011 gg J ) g 80 ?Tl;.:iv 139 10" =‘émo’;:::’ui‘:ggggz)_f
light flavour jets  0.008 o Excess over background observed with 216 & & e ™ =5 E
extrapolation 0.004 . . .. :>j E Wajets E
Pile-up 0001 significance after combining all channels 80 + mre
Luminosity 0.013 . . . . % — VH, H—»bny 2 E
Theoretica and modelling uncerinties e Experimental uncertainties dominated z £
Signal 0.038 _f

Backgrouncs 0100 by large-R jet calibration uncertainties

— Z +jets 0.048

— W +jets 0.058
=3 0.035 .

' 155 T
— Sx.ngle top quark 0.027 < 1 £ + ++ ..+.,+=—+- _+_ —+—-+- _+_+ _t' _+_
< Diboson 0.032 £05F +
— Multijet 0.009 e 60 80 100 120 140 160 180 200 220 240
MC statistical 0.092 m, [GeV]
arXiv:2008.0250 23



https://arxiv.org/abs/2008.02508

Measurement of VH->bb production

e Combination across all channels
significantly improves measurement

precision

e Measured signal strength compatible with

Standard Model

e C(Cross sections measured within the
simplified template cross section (STXS)
framework and used to constrain dim-6
operators in an SMEFT

arXiv:2008.0250

ATLAS

OL: 250<pY<400 GeV

T T T
Boosted VH, H — bb

s=13TeV, 139fb" —Total —Stat. Tot. (Stat,Syst)

oL: p¥2400 GeV

oL

1L: 250<py<400 GeV

1L p¥2400 GeV

1L

2L: 250<pY<400 GeV
2L p¥2400 GeV

2L

Comb.:2505p¥<4006ev o - 44
Comb.:p¥2400GeV —e—1 0.99 ;‘3:25 ( 050 4]'222
+0.39 +0.29  +0.261
Comb.[ [ S 072%03s _ Coer“0za)
-1 0 1 2 3 4 5
bb
IJ“VH
ATLAS Vs =13 TeV, 139 fb”
—68% CL ---95% CL Boosted VH, H — bb
| | Linear (obs.) A=1TeV
| Linear + quadratic (obs.)
L] Best-fit (obs.)
ey [x 10.0] . e
Cy [x5.0] (Eeeitee s 1
Cuy [x2.0] e e 2 ]
Crwa XOB] |1 L isbgtoh P el eile) R/ S P
le,l [%0.05] aeseasiaseanriemntanmenaninntan O ooy booorszazenzas]
P N N N S P
-3 -2 -1 0 1 2 3
Parameter value
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ATLAS-CONF-2021-010

Measurement of H->bb production

e Measurement targeting inclusive production of
Higgs bosons in Standard Model

o Focus on high-pT regime which is sensitive to BSM physics
o Using H—bb decays preserves largest branching fraction

e No restrictions placed on production channel

Leading Large-R Jet

Q@@

SRL

Subleading
Large-R Jet

@@Gé%

SRS

o Measurement sensitive to ggF / VBF / VH / ttH production

Jet pr Range [GeV]

e Events categorised into signal and
validation categories according to number

of b-jets associated to Higgs candidate
o  Validation regions used to check quality of
background modelling

e Dedicated single-muon control region for
ttbar measurement

Process  550-450 450-650 650-1000 > 1000
SRL

- - 0.56 0.50 0.39

VBF - 0.17 0.16 0.17

VH _ 0.14 0.18 0.25

tEH - 0.13 0.16 0.19
SRS

VBF 0.07 0.9 0.21 -

VH 0.26 0.24 0.26 -

tH 0.39 0.11 0.10 -

Jet N track-jets N b-tags Angular Selection Jet Mass [GeV]
b/ > 1 1 0.04 +10/p% < AR(u, J®) < 1.5 -
oA 3 1 Ap(J, T > & 140-200
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ATLAS-CONF-2021-010 3 Cdrasmomray v om
O [ {s-13Tev, 136 1" ]
° ©  50Fgp, N >45'0 Qe -H,p:>4soeevm=o.70)__
o C T Du,p:<4soeevm=1.00)-
Measurement of H->bb production SR
- C [ Top 1
. . . . . . . 30 Mgt =
e Results obtained with profile likelihood fit to Higgs ) - -
candidate jet mass 5
e Multijet background dominates in the signal regions
o Smooth spectrum modelled as exponential of polynomials, 8
and measured simultaneously with signal extraction 2
e Main systematic uncertainty comes from jet mass g e
resolution and scale [ — W*
o Strongly correlated to measured Z+jets normalisation :ﬁzogﬂm, | J.u.l m | t, Ny
o Z/W resonance widths directly measured in dedicated regions ® sooll 1] H i 1 | + +_f
in data to reduce impact of JMS/JMR uncertainties T80 100 120 140 160 180 200

Jet mass [GeV]

Uncertainty Contribution p{! > 450 GeV p{«f > 1 TeV

Total 3.3 31
Statistical 2.8 30
Jet Systematics 1.2 7
Modeling and Theory Systs. 1.0 1
Flavor Tagging Systs. 0.5 3
Total Systematics L7 8 26
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ATLAS-CONF-2021-010

Measurement of H->bb production

I I
. ATLAS Preliminary
80 Vs=13TeV, 136 fo’

e Signal strengths measured inclusively as well [ [T Fi
| —— 95% CL Upper Limit

as in exclusive pT bins 60
o Upper limits also set on production cross sections I

e All results compatible with SM predictions
e TrendinpT?*

6/G6(SM)

|
500 1000 1500
p [GeV]

* see also slide 45 27
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Perspectives on prospectives

e Newer generation of boosted object taggers

already available with better performance

o Machine learning techniques used in many cases to
improve tagger purity and efficiency
o Exploit correlations from a large set of input variables

e Expected to significantly improve measurement
precision and search sensitivity for next round of
analyses

e Uncertainties on large-R jet / tagger calibration

can have large impact in boosted regime
o Usually dominated by modelling uncertainties (2-point
generator comparisons)
o Major limiting factor for measurement precision

ATL-PHYS-PUB-2020-019
arXiv:1808.07858

LI LU N L L R N R N [N T SO N (AL N [N L B B B I
10’ ATLAS Simulation Preliminary =
E Vs =13 TeV —— Dxpb, frop = 0.25 ]
S —— 2 VRDLIr
B —— 2VRMV2
0 10° 2R=02MV2 I
Q E |
2 ]
B
2 L
% 10 Preselection: _
= F Inl<20 ]
[ pl>250Gev
r 76 <m;/GeV <146
1
‘;7_5?| T e e e e =
= E E
o 5.0 E
+~ £ ]
225K E
- = 3
2 Tl s - _J
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Higgs Efficiency
10 T e
5% [ — DNNtop ATLAS Simulation
W [ - BDTtop \s =13 TeV ]
[ e Shower Trimmed anti-k; R =1.0 jets A

—
o
w

Background rejection (1 /
I

ey
o
TTTTT] T T FTII s T T

Deconstruction I7e| < 2.0

E o 2-varoptimised pive = [500, 1000] GeV
k.~ tagger Top tagging

h + HEPTopTagger vi
..... Tgpr M > 60 GeV

Signal efficiency (e sig) 28
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CMS Measurements



Pileup treatment in CMS when tagging high-pT objects

Remove charged particles Weight neutral particles

PUPPI

Puppi Weight ~ 1
Puppi Weight ~ 0

Reconstructed jet

CHS

Interaction of interest  Pileup interaction

e Large-radius jets, if untreated for pileup, show a much degraded resolution
due to particles from pileup interactions

e First remove charged hadrons which are assigned to a PU vertex (==CHS)

e Then compute PUPPI (PileUp Per Particle Identification) weight for neutrals
by considering particles in cone around particle of interest and comparing

to density of charged particles.
30



Pileup treatment in CMS when tagging high-pT objects

0.0 CMS Slmulatlon (13 TeV) 20 CMS-DP-2021-001 (13 TeV)
C . ' ' % I I I I I I
o i Response-corrected h]l < 0 5 R CM S
= . — T CHS
2 - 20< u< 30 —A— CHS -_,C:) Preliminary -2 PUPPI vi1a
o 0.15 —= PUPPI 7] > ~  Bulk graviton
= [ i O L Antik,R=08 8- PUPPI v15
i S 15 B
O arXiv:2003.00503 »
0.1 . @ | S
- o © = ﬁ ]
o E
- o 1 8 Improvements for high-pT
il I -
0050 = o 1 INIETPTE A BFUICRA jcts in new PUPPI tune
L 400< p, < 600 GeV
| L ; ' .’A‘.— g- 73 7Y . | | | | | |
%o 1oo 200 1000 2000 0O 10 20 30 40 50 60 70

Particle-level jet p_[GeV] Number of interactions
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Overview of tagging techniques in CMS

arxiv:2004.08262

Algorithm Subsection jet pr [GeV] tquark W boson Z boson H boson

Mgp + Tsp 6.1 400 v

Mgp + Tzp + b 6.1 400 v

Mgp + T 6.1 200 v v

HOTVR 6.2 200 v

N3-BDT (CA15) 6.3 200 v

tmgp + Ny 6.3 200 v v v

BEST 6.5 500 v v v v

ImageTop 6.6 600 v

DeepAKS8(*) 6.7 200 v v v v
Jet mass decorrelated algorithms

mgp + NPPT 6.3 200 v v v

double-b 6.4 300 v v

ImageTop-MD 6.6 600 v

DeepAK8-MD(*) 6.7 200 v v v v

Classical (“cut-based”); very successful historically, theory-inspired; baseline to improve on with ML, or to use in conjunction

with ML (e.g. N2 + Double-B tagger for H bosons)
Shallow machine learning algos using high-level observables

More advanced/deep machine learning algos using also low-level information like Particle Flow objects

Plus analysis-specific algos/solutions not listed in this table 32
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Boosted tops

33



Boosted tops in ttbar: 1-lepton channel

arXiv:2008.07860

e Event selection:

o 1 clean lepton with pT>50 GeV
o 1AK4Db jet with pT>50 GeV identified with shallow b tagging

network, close to lepton: 0.3 < AR(l,j) < 7/2
o 1 AK8 jet with pT>400 GeV away from lepton: AR(l,j) > =/2

e C(lassify events based on whether t jet and b jet

pass tagging requirements
e C(Cut-based top tagging:
o 105 < soft-drop mass < 220 GeV && tau_32<0.81 &&
b-tagging on subjets
e Simultaneous fit in three regions to extract top tag
scale factor and background normalizations
o  Fit distributions of AK4 jet 5 in Ot and in 1t0b and
soft-drop mass in 1t1b

t-tags

>1

>1

btags



https://arxiv.org/pdf/2008.07860.pdf

do/dy" (pb)

(MC/data)-1

Boosted tops in ttbar: 1-lepton channel  awz008.07260

g CMS - 3591 (13 TeV) 60 CMS 35917 (13TeV) 4,1 CMS L 3IW'(3TeY)
7 5_ l+jets channel Parton level E 2\:’/ E Parton level (1+jets channel) S PO— P_a:tinéz\tzzl ;
6-' : E'?:gll unc. E 2 enl Stat. uncertainty 8 102 B Totalunc. 3
o il [ Powheg+Pythia8 1 = S0F _ JEStER+b tagging =~ ; :;"g“g?q{%ﬁ',‘i;iias ]
5F [C] aMC@NLO+Pythia8 = L — ttagging a1 03 Powheg+Herwig++ 3
E Powheg+Herwig++ 3 40~ — Other experimental o 9 9 3
4r S ™ Parton shower B
e e ® C Hard scattering T 10*F =
E <t = C ; i 2 .
2_ % 30: Absolute cross section g 408 _ |
15_ ....... o B —_— = F
O:' L 20:_ 10—6:—...1...|...|...|.. [
N B - %1"'1"'1"'1"'|"'|'
. — E—3
0 10: g O || }
._.——a—-——'_'— o
—0.5||| L . . h e e e e [ | g’_1...I...I...I......|.
o 04 08 12 16 2 24 ® 04 o08 12 16 2 24 400 600 800 1000 1200 . 1400
ly'l Iy p:' (GeV)
e Unfold background-subtracted data in 1t1b to parton level
e Theory somewhat overpredicts for all models, but describes shapes well
e aMC@NLO predicts slightly more central y distribution than Powheg; data favors aMC@NLO
e Dominant uncertainties from parton shower (entire spectrum) and from statistics (high y)
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Boosted tops in ttbar: 0-lepton channel  ..xv2008.07860

e Event selection:
o Two fat jets with pT>400 GeV and 120<m_,<220 GeV
o Deep neural network event classifier trained with
N-subjettiness variables 7., 7,, 7, from both fat jets
o Both fat jets also have to contain a b-tagged subjet

Background mostly QCD, others negligible
QCD normalization and nuisance parameters
constrained with extended signal regions and

control regions

0.8

Using extended SR to
constrain signal-modelling ————~
uncertainties in template fit

5 12 220 mSD 300

o)
S
o

CMS 35.9 fb' (13 TeV)
o=y T T T l T T T I T T T I T T T T T T X |
2500 All-jet channel .
[ ¢ Data 7

-ttt i
[ [JMuliijet b
20001 -Singfe t -
L W +jets

500}

—o-

2
.g 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

0 0.2 0.4 0.6 0.8 1
NN output

Data/pred.
o o

Using the extended SR together
with identical CR (inverted subjet b
tagging) to constrain shape and

norm. of QCD in template fit
36
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Boosted tops in ttbar: 0-lepton channel

arXiv:2008.07860
CMS 35.9 o (13 TeV) CmMs 35917 (13 TeV)  —~ CI\IIIS S 3 ??ﬂbl(,‘?T,e,VZ
AR T e I AR S s T A P v ]
© 10"k Alljet channel —+— Data 4 £ 120 Parton level (all-jet channel) — © 102L All-jet channel —e— Data a
9 [ Totalunc. i > C Stat. uncertainty 1 S g :I;gﬂ\gmb Hiad
\-8_, 10-2E %:&%’gfq{m’;ﬁm A % 100[= — JES+JER+pileup  Normalized cross section | =_ 10-3 %aMC@?\ltOy:-PythiaS .
- E [ Powheg+Herwig++ © - — Flavor tagging = Powheg+Herwig++
"'Q_'_1 0_3;_ 1 @ L Parton shower Q 10_4
E 2 8o Hard scattering - _8
- : [
104 = . i T10°;
2w 1 g
105k : % ; 10
£ I I | I L. 40— _
b T L B L LR I - 0: ] T 2
S 1 t = E T 1
== S —r— 20+ I - 3 o
CE) -1 : : ®) -1
S b by 1y I L o _'_| : . i =3 -
400600 800 1000 1200, 1400 400 600 800 1000 1200 1400 1000 1500 2000 2500 3000 3500 4000
p.’ (GeV) pL' (GeV) mt (GeV)
e Unfold background-subtracted SR data parton level
e Theory overpredicts by 20%
e Shapes look good, mtt has discrepancies in tails, more data needed
o

Dominant uncertainties from jet energy scale and resolution
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Boosted tops in ttbar: top quark mass AX1911.03500

e Idea: use semileptonic events; go into a boosted regime to measure the jet
mass; unfold to particle level; extract m,_
e Using XCone algorithm to identify hadronically decaying top quarks

o  Exclusive jet algorithm, returns exactly N jets — expected event signature defines clustering; jet
axes found by minimizing N-subjettiness; smooth transition between boosted and resolved
regimes
Strategy: Cluster particles with N=2 and R=1.2 to obtain two large-radius jets
Recluster constituents with N=3 and R=0.4 for hadronic jet and N=2 for the leptonic jet

Mass resolution 6%, compared to 14% for Cambridge-AachenR1.2 591" (13 Te)
& LcMs * Data
o 3000 mi
© gE TR T T ARRREES © gE T T T T T BRRRREY N s i ]
: . ooms ] S cms! ; 2 2500 et E
o Ny Simulation ] ol ’ L '-:‘-_. Simulation 3 § 2000 T°'L' un. E
[ . ] [ e < Supplementary w E
[ : : ] [ . N - . 1 1500 F XCone,R =12
i P, 4 LI S .-, .. 4 : Nyp=3.F=04
XCone1.2,N=2 | . % . . ] XCone0.4,N=3/2 | . & ] 1000¢ om0 G
oF E oF ST 1 ——> s00f
Y% ] . . : o i
AR 3 AF . 12' ................
E-' E E M -.i”z.. . % . +.Totalunc Slaluc
'2;' ? '2; . A8 f '.;(CO:“SN' . . .g 1P s eege ey
sl I af N ni'"da’ 2013 0 osf
-3k 1 -3k ! ] | L4 i T T . T,
3 3 3 ) 1 0 1 2 3 0 100 200 300 400 500
n n M GVl 38
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Boosted tops in ttbar: top quark mass AX1911.03500

35.9fb' (13 TeV)
T T T

—= 0.04— . . 35.9 fb™ (13 TeV)
C ] = 100 S IO
.-|§ " CMS ~+ Data ] 2 dT V— ]_ d X L éMS ' B Stat ® exp '
= B i m, =169.5GeV 7 X — > | Supplementary —— Stat
.g‘ £70.03 7 EEm=1725GeV _ ' £ go- —— Jet energy scale |
S C s, W m, =175.5GeV 7 s ! —— Jet energy resolution |
—° r ] o XCone jet correction
002f- [ s . S 60 TP -
; _ - ]
- F3 1 Distance vector 2
001~ | -4 between per-bin Covari , §
N i measurements and Ovarl_ance matrlx :
J predictions encoding all i
Dl 15E T .. o 3 uncertainties
] E . T E
b1 o s S~ P S B
mmoosp EL L . ; . LT Bulk most affected by JES and o0 140 160180 500 550
120 140 160 180 200 220
m e [GeV) parton shower uncs m., [GeV]

m; = 172.6 = 0.4 (stat) = 1.6 (exp) = 1.5 (model) £ 1.0 (theo) GeV

e Unfolding to particle level after background subtraction includes sideband
region to constrain migrations in and out of measurement phase space

e Much improved result compared to 8 TeV measurement
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Boosted Higgs
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Measurement of H->bb pl'OdUCtiOﬂ arXiv:2006.13251

e Tail of inclusive H — bb spectrum highly sensitive to t
new physics in loop
e H — bb to retain most signal, but also incurs large QCD

background "
e Use N2 variable targeting substructure to select
large-radius jets with 2 prongs b
e Employ machine learning to identify flavor content
@ © Use adeep neural network with 1D convolutions among two b
@ input sets: charged particles (8 features per particle) and
secondary vertices (2 features per SV) s

o Mass decorrelation achieved by computing difference in mass
distributions of tagged and untagged QCD jets and adding the
difference to the loss function the network tries to minimize

41
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Measurement of H->bb production 20061325

e Main background in signal region comes from QCD multijet production with
non-trivial, pT-dependent jet mass shape — hard to model

e Data-driven background estimation, starting from high-stat
background-enriched region failing the deep-double-B tagger

80000~
woooJ
»
$ 40000+
w

ZOOOOJ

0

-* 1 1 o ] T 1 L] 1

40 60 80 100 120 140 160 180 200
Jet msp

T — T ——
prediction in region failing H(bb)

tagger
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Measurement of H->bb pl'OdUCtiOﬂ arXiv:2006.13251

§ o i

o
region
80000 = 0.014 =|
J 0.012 T
o
60000 § 0.010
" A -
§ 40000 vt
~—
w 4 s 0.006 =
ZOOOOJ F 0.004 J
0.002 =
0
§ O U L] L T 0 0.000
40 60 80 100 120 140 160 180 200 40
Jet Msp
T — T——

prediction in region failing H(bb)

tagger

60

1 PNl 1 BLNT L U )
80 100 120 140 160 180 200
Jet Msp

The pass/fail ratio, obtained from MC simulation and interpolated with a
polynomial, acts as a transfer factor to propagate estimation to signal

800 =

700+

] ﬁ
w 900+ IH

U U | 1 X T T
40 60 80 100 120 140 160 180 200
Jet Msp

——

pass/fail ratios parametrized as 2nd prediction in signal region (i.e.,
order Bernstein polynomial, fit to
MC simulation + uncertainties

passing tagger)
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Measurement of H->bb production |
1.2+
‘gm- e e
fit also for parameters of Bernstein I
polynomial to take care of residual 044
data/simulation difference — in-situ tagger 02+
calibration 0% % % 1% 10 1o 1o 1o 2o
Jet msp
-t 800 =
80000 = 0.014= | 700-
J _ ootz 600 r
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§4oooo- 'go.ooa- ——J’\\“‘H_,_‘__ § 400+ (.
< % 0,006+ 300+
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prediction in region failing H(bb) pass/fail ratios parametrized as 2nd prediction in signal region (i.e.,
tagger order Bernstein polynomial, fit to passing tagger)

MC simulation + uncertainties
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Measurement of H->bb production 20061325

e Leading uncertainties from fitted polynomial parameters determining

pass/fail transfer factor

137 b (13 TeV)
> 25000 T T T T T T T T T
> i ]
- «aet ,1,3‘7fbj‘,(1l3T?Y)+ CMS simulation 4150 (13 Tev) G C CM4§0<p CiGEy W ;" ]
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~ 1400~ Deepdouble:iagger - Mt = - 1100 s 5] C mH(D), =37 ]
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o 1200k B H(bb), u =3.7 — 8 15000 ]
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1000~ 3 g C ]
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4001 3 x = [ ] 5000j ]
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2| E 2 4F i
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sl . ' -] S F—
© @
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diction in region failing H(bb e diction in signal region (ie,
rediction In region tailin : : P rediction in signal region (l.e.
P 9 g H(bb) Fitted pass/fail ratio in 22 mSD ~ Pread! g gion (i.e.,
tagger passing tagger)

bins and 6 pT bins
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Measurement of H->bb pTOdUCtiOH arxiv:2006,13251

Cross-check with Z — bb gives 1,=1.01(+0.24/-0.20); fix Z

. + . . >
hereafter to expectation + unc, serving as additional 1, =3.7(+1.6/-1.5)
constraint when extracting H — bb
2016 2017 2018 Combined
) Expected pz 1.00703%  1.0070% 1.007555 1.0070%
137 b (13 TeV) T0% 1708 (911037 1 1024
1800, 1200) Gev | CMIS | Observed u, 0.86755; 1.117,3% 09175 1.017555
b =918 i HJ-MINLO [32, 33]
L ; = g +3.3 +2.3
[675, 800] GeV | Expected py 1.0J_r%_2 1.0 f; 62.5 10755 1.0 +i1 2.4
b =87 | _'_ Observed py 7:9755 48755 17+23 3.77;¢
600, 6751Gev| I Expected H significance (i = 1) 030 040 040 070
b =830 5 —— Observed H significance 240 190 0.70 250
T 1 Expected UL pyy (g = 0) <6.8 <5.0 <47 <29
[555 =6 :? (7)]27G * i I—'—— Observed UL py <13.9 <9.3 <5.9 <6.4
I | Ref. [23] H pt spectrum
500, 550] GeV ;
[ " 4_3{36 —— I Expected py 1.0 391.5 1.0§:§ 10735 1.0:_:§:§
— ; : Observed pyy 4077 227 1.1+11 197,
4 v : 5 i -16 -12 —0.7
[ 58; f?g;e —-J|— Expected H sigmﬁche (yug=1) 07¢ 09¢ 100 170
B T e [T Observed H significance 260 18¢0 1lco 290

m Expected UL puy (uyg = 0) <34 <24 <23 <14
Trend in pT? " Observed UL puy <74 <46 <32 <34 4
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Next-generation taggers & objectives
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DeepAK8 arXiv:2004.08262

Similar to deep neural network in Hbb measurement, but blown up!
Different output nodes, e.g. for Higgs decay modes (bb, cc, ...)

Up to 100 jet constituents
Particles

I m 'ﬁl ID CNN
particles, ordered by pr ) Fully

connected Output

fentures

Up to 7 secondary vertices
Secondary Vertices

mJg F'“W ID CNN

<SVs ordered by SIPZD

(I layer)

femtures
+—>

(10 layers)
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A.U.

DeepAKS8

107 %IZEE

(13 TeV)

[T 1 T L

- CMS [Jinclusive (AK8)

| Simulation — DeepAKS 1
1| Dijet sample ----DeepAK8-MD _|

E Higgs boson tagging, & =50 % — BEST

[ 600 <p!" <1000 GeV, i1 <2.4 — double-b

B L 1 L I 1 L | L
50 100 150

200 250 300
Mgp [GeV]

arxiv:2004.08262

e Strong sculpting of the mass in QCD
events after cut on the Higgs tagger

e Undesirable to perform a bump hunt
on top of a bump

e Use adversarial debiasing to get rid of
mass dependence

Classification i Jointloss :
output L7 e Abwe
Loss
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Dee pAK8 arXiv:2004.08262

(2018) 59.7 fbo! (13 TeV) (2018) 59.7 fo! (13 TeV)

» e e e e e e »
= 7 single-| plsample . Data b= smgle—u sample . Data
g 10 CMS T T CMS ~ T
p_(AKS jet)>200 GeV 10 p_(AKS jet)>200 GeV
> Preliminary T W singlet = Preliminary T W singlet
w q0° In(AKS jet)l<2.4 QCD multijet L In(AKS jet)l<2.4 QCD multijet
I Wijets 1 05 B W+jets
5 . v - v
10 . . Vv - v
Nominal 255 Bkg unc (stat) MD 222 Bkg unc (stat)
255 Bkg unc (stat+syst)

$85% Bkg unc (stat+syst)

Nobs / Nexp

01 02 03 04 05 06 07 08 09 1
DeepAK8-MD (W vs. QCD)

0 01 02 03 04 05 06 07 08 09 1 0
DeepAK8 (W vs. QCD)

e Even though mass-decorrelated version needs to exploit more subtle
differences between signal and background, which may not be very well
modelled, the data/MC agreement does not suffer compared to DeepAKS8
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DeepAK8

Background efficiency

e
o
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Signal efficiency
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Events
Events
=

D AK 8 o 59.7 fb (13TeV) 597 fb (13 Tev)
e e FCMS -e-s Prefit top matched (TsSingle T)E FCMS <eee Preit \op matol had(TI' +Single 1')_
p CMS DP2020/025 20| FrEIMInaly — Posti —— unmicnea T.sineD - P Prelminary — postt —— inmmred TTssmae?

4 . W
w ] F 600<p:KBM<1200 GeV w

N
=}

r soo<p:"""°‘<1 200 GeV

e Calibration of top tagger by fitting for ™ .
pass/fail ratio in control sample i
% }g \:lSMStat.Unc. isMTma Unc. 7_7:7 "g 12_: :" \jsMSﬂt.Unc. iSMT;mII;n;. E
DeepAK8-MD Top quark tagging _ : gg : §§ ) i+
Ll% ‘ ist.Rate= 0.1% || MistRate=0.5% _% TR e Gev PRI IR e tGev
\E ist.Rate= 1.0% Mist.Rate= 2.5% —é
03 g L I O e Scale factors obtained are under
08 E control for all years and for
15 E-2017 = different mistag rates
1.0 Ep oy mam === o = 2,7 <80 —cger <o = |- mupom o mem =on= | = v n e e . )
0s - 3 e Parton shower uncertainties
s E-2016 : typically drive the SF uncertainty
a8 e T ar e e Mass-decorrelated versions

300<p, <400 GeV 400<p <480 GeV 480<p <600GeV 600<p <1200 GeV typlca”y have Sma||el’ uncs
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DeepAKS8 - mistag scale factors
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Again, different parton shower models (MG+Pythia8 vs. Herwig++)

53



DeepAK15 used for VH, H— €C axiwv101201662

Perform search in OL,1L,2L channels and in resolved and boosted channels
Divide phase space into resolved and boosted analysis based on vector

V+ets efficiency

=

_.
2

1072

boson pT (</> 300 GeV) to make use of beneficial S/B
Extract signal from simultaneous fit on m_, in signal
and control regions defined by different purities of
cc tagger, event-level BDT, #leptons

Events

35.9fb (13 TeV)

[ Merged-jet
2L (uw)
[ High purity

25

—4— Observed [ VH(H—bb) i
[ vzz—ce) [ vv(other)

[l single Top Oa ]
[ zsjets [ VH(H—co), p=21 ]
—— VH(H—cc) x 100 5% S+B Uncertainty ]

(13 TeV)
- CMS _ "
- Simulation Leading uncertainties from
[ Hece vs Vajets charm tagging and limited
| statistics in control samples CO e o man Gey”

95% C%lﬁﬁ‘lmﬂt on VVH(H—)CE)
High purity WP Resolved-jet Merged-jet Combination
e (pr(V) < 300GeV) / (pr(V) > 300GeV) | OL 1L All channels
b Brpected  45°) & 7 )w;% 2 s
H—>cc efficiency Observed 86 75 83 110 70
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https://arxiv.org/pdf/1912.01662.pdf

Jets as particle clouds in CMS

e Convolutional networks highly successful in image recognition by relating
region of interest to its surroundings, and DeepAKS is very performant

Kernel operation

Source pixel g /

(-1x3)+(0x0)+(1x1)+
(-2x2)+(0x6)+(2x2)+
(-1x2)+(0x4)+(1x1) =-3

Convolution filter
(Sobel Gx)

Destination pixel
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1
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—
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/
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1
L]
L]
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e But: uniform pixels in an image vs. irregular distribution of jet constituents
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Jets as particle clouds in CMS

e So-called EdgeConv kernel can still be thought of as a convolution
of a local patch in vicinity of particle

e Acts on permutation-invariant __— Nearest neighbors

set of jet constituents (unlike / k
CNNs, RNNs) xr; = he(x;, ;)
=1
0 o \ |

Function parametrized by
E(lgeConv J3
\ / \ Learnable parameters
.//\. ./7\. ==Dense Neural Network)
Symmetric aggregation
operation: mean 1/k X

Input space Latent Space
arxiv:1801.07829
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ParticleNet axiv:1902.08570

EdgeConv Block
k =16, C = (64, 64, 64)
-

— |

( 2\

EdgeConv Block
k=16, C = (128, 128, 128)
< J

—

EdgeConv Block
k=16, C = (256, 256, 256)
(. J
v
Global Average Pooling
1%

Fully Connected
256, ReLU, Dropout = 0.1

7

Fully Connected
2

1%

J

V.

Softmax

First EdgeConv block takes edges obtained
from kNN with spatial coordinates

Subsequent EdgeConv layers compute
kNNs from latent space, i.e., from a
dynamically learned graph

Trained with the same inputs as DeepAKS8
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Background efficiency

ParticleNet axiv:1902.08570
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e ParticleNet(-MD) outperforming DeepAK8(-MD) in all cases
e Graph neural networks seem to be the state-of-the-art ML technique for jets
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H— cc
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e Training with signal samples flat in mass seems to show better decorrelation
than adversarial term in loss

e ParticleNet will be essential tool to probe for H — cc
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Conclusions

e Boosted object tagging is a useful tool in critical Standard Model

measurements
o Probe high-pT regime; enhance sensitivity to new physics
o Event reconstruction in boosted topologies is often simpler than resolved
topologies
o Reduce combinatorics in final states with high object multiplicities
e Uncertainties on large-R jet calibration and tagging efficiencies

are often dominant
o Latest round of calibrations and techniques reduce these uncertainties
o Improved background rejection from new machine learning-based taggers
o Expect this to translate to improved precision in upcoming round of
measurements and searches
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