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Introduction Run I achievements with boosted objects

Run I of the LHC saw an unprecedented evolution in
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boosted objects
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Introduction Run I achievements with boosted objects

Run I of the LHC saw an unprecedented evolutlon in
boosted objects
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All of these analyses use-boosted objects
(top, W/Z /h, even g) in some way.
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Introduction

Run I achievements with boosted objects

We have already reached the TeV scale

Limits on massive particles that decay to W /Z/t/h are at or above the
TeV-scale...and have been for some time.
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Introduction Run I achievements with boosted objects

We have already reached the TeV scale

Limits on massive particles that decay to W /Z/t/h are at or above the
TeV-scale...and have been for some time.

ADD G + 8/ - 12j Yes 47 12104491
ADD non-resonant £ e - - 203 HZ ATLAS-CONF-2014-030
ADD QBH — (q ten 1 - 208 18112008
ADD QBH - 2 - 203 o be subitted 1o PRD
ADD BH high No 24(88) - - 203 Mo =15 TeV, nonrot 8H 1808.4075
ADD BH high X pr lep 22 - 208 Mo = 1.5 TeV, non-ot 8H 1405.4254
RS1 Gy — (L 2en - - 208 1405.4123
RS1 Gy — WW — (vt 2ep - Yes 47
Bulk RS G — ZZ — ((qq 2eq  2i/1d - 203 ATLAS-CONF-2014-039
Bulk RS G — HH — bbbb - 4b - 195 590-710 Gev Il ATLAS-CONF-2014-005.
Bulk RS gy — £F Teu 21b2102) Yes 143 ATLAS-CONF 2013052
s'1z, ED 2epu - - 50 1209.2535
UED 2y - Yes a8 ATLAS-CONF-2012-072
@ SSMZ it 2en - - 208 1405.4123
§ ssmMZ e 27 - - 195 ATLAS-CONF-2013-066
g ssuwow Ten - Yes 208 ATLAS CONF-2014-017
EGM W' — WZ = tv ('t 3en - Yes 208 14064456
% EGM W' — WZ  qqtt 2eq  2i/1d - 203 ATLAS-CONF-2014-039
& LRSMW -t leu 2b01j Yes 143 ATLAS-CONF-2013-050
LRSM W}, — tb Oeu =21b1J - 208 o be submited 10 EPJC
kequark TT —» Ht+ X ley 22b24] Yes 143 Tin (18) doublet ATLAS CONF-2013.018
Ten =21b23) Yes 143 isospin singlet ATLAS.CONF-2013-060
2x8eu 2221b - 208 Tin (T8) doublet ATLAS-CONF-2014-036
2:8eu 2221b - 208 Bin (B.Y) doublet ATLAS-CONF-2014-036
26u(89) 21b,21] Yes 143 Bin (T8) doublet ATLAS-CONF-2013.051
4 26 Yes 201 | 100-620 GeV m(E})<90 Gov 1308.2631
2e,u(SS)  03bh  Yes 203 |h 275-440 GeV m{F})=2 m(i) 1404.2500
2en 126 Yes 47 @ 110567IGEVI 55GeV 1208.4305, 12092102
2ep  O2jets  Yes 203 |@ 130-210 GeV. (71)-m(W)-50 GeV, m(7))<<m{¥) 1403.4853
2eqp 2jets  Yes 203 @ 215-530 GeV miFy)=1GeV 1403.4853
) 2b  Yes 204 @ 150-580 GeV/ m(E})<200 GeV, m(F )-m(i})-5 Gev 1308.2631
Ten b Yes 20 & 210-640 GeV m(E})=0Gev 14070583
i (heavy). 7 0 2h  Yes 201 & 260-640 GeV/ miE})-0Gev 1406.1122
i, i—eX) 0  monojetctag Yes 203 |7 90-240 GeV mi(fy)-m(i})<85 GeV 1407.0608
i1y (natural GMSB) 2e.u(2) 1b Yes 203 |7 150-580 GeV m(F1)>150 GeV 1403.5222
P, b +Z Beu(2) 1b Yes 203 |@ 290-600 GeV m(P})<200 GeV 1403.5222
S5 gobbil 0 3b Yes 201 |& 1.25 TeV m(¥})<400 GeV 1407.0600
%g il 0 710jets Yes 203 |& 11TeV. miE}) <350GeV. 1308.1841
3 ity O01ep 3b Yes 201 |& 134 TeV m(F})<400 GeV 1407.0600
L Otex  3b  Yes 201 |& 13TeV. miit)<300 Gev 1407.0600

D.W. Miller (EFI, Chicago) Aspen Winter 2015 — Physics Frontier with Circular Colliders January 30, 2015 6/31



Introduction Run I achievements with boosted objects

At 100 TeV, boosted objects are ubiquitous

CL, Exclusion
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Cohen, D’ Agnolo, Hance, Lou, Wacker (arXiv:1406.4512)
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Introduction Use of jet substructure

Deployment of a new set of tools for SM and BSM physics

An enormous set of tools has been
deployed by both collaborations to
maximize our sensitivity to new physics,
and to study old physics in new ways.
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ATLAS-CONF-2013-084
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Introduction Use of jet substructure

“If you ain’t boostin’, you ain’t livin” — Nhan Tran, FNAL
(Experimental Summary at BOOST 2014)
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Introduction

Use of jet substructure

This trend will continue and we must be prepared

arXiv:0611148

® Peak proton - (anti)proton cross sections
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process & energy, pp at /s = 1.96 TeV | pp at /s =8 TeV | pp at /s =13 TeV Vs =13 TeV pp at /s =33 TeV
integrated luminosity L£=10fb 1t L£=20fb 1! £ =100 fb—1t £ =200 fb~ 1t £ =300 fb~ 1
Inclusive t¢ production 6 x 107 4 x 10° 6.7 x 107 1.3 x 10° 1.4 x 107
Boosted production 23 6 x 10% 1.7 x 10° 3.5 x 109 7.1 x 107
Highly boosted 0 500 3.7 x 107 7.3 x 107 3.9 x 10°

Table adapted from BOOST 2012 Report (arXiv:1311.2708): calc. w/ MCFM. Yields for
boosted tops (Miz > 1 Tev) and highly boosted tops (Mz > 2 TeV) given in the 2nd and 3rd row.
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Introduction ‘Where we still need to go

The challenges we will face

CMS-PAS-JME-13-007

G. Soyez, Pile-up workshop @ CERN CMS Preliminary s = 8 TeV, 19.7 fb*
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@ We have many tools to mitigate pile-up, but the increases in instantaneous luminosity
are nonetheless very difficult to cope with.

@ Good modeling of complex observables by Monte Carlos is very important and more
unfolded measurements may be the key to improvements here.
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Prospects for boosted object searches at the energy frontier

Outline

e Prospects for boosted object searches at the energy frontier
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Prospects for boosted object searches at the energy frontier

Boosted top re-commissioning

Commissioning boosted object tools at 13 TeV

%
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o During the majority of 2015, we generally expect

similar operating conditions as in Run I, except for

bunch spacing.
@ Need to demonstrate performance for signal and
background early, and likely use similar working
points for top tagging as in Run L.

D.W. Miller (EFI, Chicago)
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Prospects for boosted object searches at the energy frontier Updates from Run I

Early Run Il extensions for Run I boosted analyses
Two advances made near the end of Run I are likely to be adopted early-on in Run II.
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P s s TR
§09; s 1 = 03
8 F El-= [ ATLAS Simulation Preliminary ]
kg 0.8 e OO 3 0025 V=sTVE.=Lo [Mese=10Tev ]
‘_U.J 0.7; Boosted boson tagger‘\i;:\\\ é E [ Track-jet b-tagging [JMese=15Tev ]
0.6F Tssing \\ E é 0.2F » Ab -
[ o SN E T i
0.5 vare s =2\ 3 Zoasf .
0.4F M ucniosmioms E r AN
L V;cm:mms.a E 0.1 b
E : vwcmn:wz,ams 1 r 1
I ATLAS Simulation Preliminary ™™ < 1.2 H 0_05; ]
0.4% BTV 350 <p!™™ <500 Gev r ]
E M Window r L el . 1
T T P PO T T P R fo) s PO PRI B
0.10.20.30.40.50.60.70.80.9 1 0 02 04 06 08 1 1-2A R1-4
bb

Tag
€ W Jets

o LEFT: Optimized boson tagging using very large parameter space

o RIGHT: Track-jet-based b-tagging with very small radii. Now have the ability to
define b-tagged objects independent of the calorimeter and then associated to a
given calorimeter-based jet definition post facto
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Prospects for boosted object searches at the energy frontier New ideas in b-tagging

Using specialized b-tagging for boosted objects (11)

% 10" —— CMS Top Tagger
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CMS-JME-13-007 (also Ferencek at BOOST 2014)

<> HO +

o Subjet b-tagging an integral part of boosted top tagging algorithms in CMS
o CMS b-tagging for boosted topologies commissioned at 8 TeV and analyses exploiting
subjet b-tagging now public

D.W. Miller (EFI, Chicago) Aspen Winter 2015 — Physics Frontier with Circular Colliders January 30, 2015 15/31


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13007
https://indico.cern.ch/event/302395/session/9/contribution/35/material/slides/0.pdf

Pile-up mitigation and jet substructure

Outline

© Pile-up mitigation and jet substructure
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Pile-up mitigation and jet substructure Pile-up subtraction

Area-based pile-up subtraction for jet kinematics
ATLAS-CONF-2013-083
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Jet area/TR?

o Both CMS and ATLAS implement the so-called ‘area-based’ pile-up
subtraction
o This is independent of the jet algorithm, and can thus also be applied to
subjets if appropriate
e Spoiler alert: it will be!
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Pile-up mitigation and jet substructure

Pile-up subtraction

Area-based pile-up subtraction for jet kinematics

ATLAS-CONF-2013-083
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@ Reduces the dependence on pile-up significantly (it better!)
@ Also reduces the impact on the jet resolution
o This is the default mode of pile-up mitigation on the jet 4-vector for Run

II (being implemented in the trigger as well!)
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Pile-up mitigation and jet substructure

Pile-up subtraction

Constituent-level pile-up subtraction

arbitrary units

CMS simulation Preliminary 13 TeV.
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@ CMS performed an excellent and comprehensive study of new
constituent-level pile-up subtraction algorithms

o From “simple” (e.g. CHS) to “complex” (e.g. PUPPI), and maximum
tracking information (e.g. PUPPI) to no tracking information (e.g.

constituent subtraction)
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Pile-up mitigation and jet substructure Pile-up subtraction

PileUp Per Particle Id

Bertolini, Harris, Low, Tran (arXiv:1407.6013)

08/21/14 16

General Idea of the Algorithm

Use the Jets without Jets paradigm

» For each particle draw a cone around it

* In each particle cone

* Compute metric o
- Distinguishes particle from hard scatter from PU
« Calculate median o and o, over an event for PU

- Average over all particles associated to another vertex

« Compute a weight that a particle is from pileup

Reweight particles and re-interpret the event

o [ view this more as a way to customize the inputs to the jet reconstruction
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Pile-up mitigation and jet substructure Pile-up subtraction

PUPPI in CMS

Viola Sordini at BOOST 2014

Operates on the inputs to jet clustering (here PF candidate particles) [arXiv:1407.6013]
* A discriminating variable a is defined :
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« The distribution for charged PU particles is used as ol ]
template for the distribution for all PU particles -5 0}5

* For each neutral particle, a * variable is constructed (for [n>2.5, sum the two ?)

_ 2
XZ,:U"_O'F‘U‘
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RMS

o | view this more as a way to customize the inputs to the jet reconstruction, which is
extremely important
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Pile-up mitigation and jet substructure Looking farther into Run II and beyond

How do these approaches scale as we move into the future?
ATLAS ECFA Studies on pile-up suppression

@ The mean number of jets O 10— :
with pile-up—corrected % [ ATLAS Simulation Preliminary ]
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Pile-up mitigation and jet substructure Looking farther into Run II and beyond

How do these approaches scale as we move into the future?
ATLAS ECFA Studies on pile-up suppression

o Hard-scatter jets are -gi ELAT)_'A‘S.,S‘iml‘”at‘i?n‘ P"e”f“T‘““""y‘
o Pythia8 dijets, Run-I pileup conditions, Vs=8 TeV
matched within AR < 0.3 3 - Anti-k, LOW+JES R=0.4
to a truth jet with 3 Izn(:i; 30 Gev |
pt > 10 GeV, whereas "E, 101 %ng\t/rf; ;”;r; 205 GeV 4
pileup jets are required to § C comVE tip 1 GeV 1
have a minimal AR > 0.6 e f Rt 1
from any truth jet with w
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Pile-up mitigation and jet substructure Looking farther into Run II and beyond

How do these approaches scale as we move into the future?
ATLAS ECFA Studies on pile-up suppression

o 117 /77— 3
. © [ ATLAS Simulation Preliminary ]
o Hard-scatter Jets are a [ Pythias dijets, {s=14 TeV ~ —e— corrJVF, (u)=80 ]
matched within AR < 0.3 3 I~ Anti-k, LW R=0.4 - COMJVF, (u)=140 ]
. . = rm <1 —— corrJVF, n=250
to a truth jet with B B r . oa <0 Gev comVE ;j’
pr > 10 GeV, whereas E 107 A
. . . C o
pileup jets are required to % F at
have a minimal AR > 0.6 © i
. . &= .
from any truth jet with W 02 et _
pr > 4 GeV. =
R ZpTLrack (PVO) i
PT T et -3 | | | |
10
Pr 0.9 0.95

Efficiency for hard-scatter jets
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Substructure tools for boosted objects at the energy frontier

Outline

© Substructure tools for boosted objects at the energy frontier
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Substructure tools for boosted objects at the energy frontier

Multivariate ideas for jet tagging

Incorporating new observables for new taggers
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@ Both collaborations are now doing very comprehensive scans of tagging
observables for bosons

o Incorporating multiple mass definitions simultaneously
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Substructure tools for boosted objects at the energy frontier Multivariate ideas for jet tagging

Multivariate combinations for W tagging

CMS Preliminary Simulation 13 TeV 100
T T T T 1 T T 1
ew ———
Q/G sub’
QG sub 1 0
QG 3¢ ﬁ
o |
C,(p=1.5)
T, I Sample : W jets
q{ 6 6 - ATLAS Simulation Prelimina
o V58 TeV
L anti-k, jets with R=1.0
oS Trimmed
Meoe(B=0) TR < 1.2
M=) [ 200 < ™™ < 350 GeV
Mo “ Il 1 Mq"““:n ‘VVII'ﬂOVIt 1
: = 3 A
Mana [ || g 5 o H :
JFITTTTLETE S EE F 5
i3 $5 ség

o Now starting to incorporate many variables (some are already “composite” observables, e.g.
QG-likelihood)

@ Linear correlation coefficients (see ATLAS) are useful, but need to be honest about their limitations

o Similarly, need to be honest about the degree to which these complex combinations are necessary
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Substructure tools for boosted objects at the energy frontier Boosted top tagging and pile-up at very high £

Boosted top tagging and pile-up at very high luminosity

High pile-up scenarios for top tagging

i- = j 22— ‘ ‘ , ‘ ‘
e The ‘aml’k’ R Il'O Je} mass _80 ATLAS Simulation Preliminary
distribution in Z" — tf events = 0.2]antik, LOW jets with R=1.0,0.0< n| < 1.2 pleup ]
where the mean number of LIJ0 187Noiet grooming, no jet pileup correction <u>=0, Gna‘sei‘()u:%) ]
. . 8 " “I{s = 14 TeV, 25 ns bunch spacing e <u>=40, Gm‘:wse (u=40)
interactions per bunch N0 161500 < p* < 750 Gev 5 <u>=80, 0" "P(u=80)
. . =V T ileuy
crossing (<u>) is 40, 80, 140, g Pythia8 Z' - tf (m, =2 TeV) = <“>=14°"’;;|).se:(“=14°)
0.14f —e— <u>=200, 6" P(u=200) ]
and 200. 5
. Lo Z0.12} 1
o The pileup correction is made <912
to the subjets only, before 0.1} 1
their pT fraction is 0.08} 1
calculated. 0.06k 1
@ When both trimming and jet 0.04 1
4-vector pileup subtraction
. . 0.02} 1
are applied, the jet mass : _
distribution is stable even at 00 0 100 200 300 400 500
() =200. m® [GeV]
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Boosted top tagging and pile-up at very high luminosity

High pile-up scenarios for top tagging
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o The pileup correction is made <912
to the subjets only, before 0.1} 1
their pT fraction is 0.08} 1
calculated. 0.06k 1
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Boosted top tagging and pile-up at very high luminosity

High pile-up scenarios for top tagging
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to the subjets only, before 0.1} 1
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calculated. 0.06k ]
@ When both trimming and jet 0.04 1
4-vector pileup subtraction
. . 0.02f 1
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distribution is stable even at 100 100 200 300 400 500
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Boosted top tagging and pile-up at very high luminosity

High pile-up scenarios for top tagging
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Tagging tops with substructure
ATLAS ECFA Studies on top tagging

» e e o S - 18— -
N 1 (8] E |
£ 0.251- ATLAS Simulation Preliminary - S 1.6/ ATLAS Simulation Preliminary E
b5 [ anti-k LCW jets with R=1.0 = =80 ] © "L anti-k, LCW jets with R=1.0 — =80 J
g £ Trimmed e 1140 4 E 1.4 Trimmed jets,\/descan e u=140 4
N 0.2 5= 14 TeV, 25 ns bunch spacing = ] 5 E V5= 14 TeV, 25 ns bunch spacing p= ]
< [ <12, 500 <p" < 1000 Gev ~#- =200 1 S 1.2 12,500 <p!' <1000 GeV - W=200 4
15 L Pythia8 dijets -+ p=300 4 <] [ Pythia8 .- 1=300 B
S 0.15 ] 2 1F =
z F 1 S £ 1
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r 1 0.2 —
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Leading jet T, Signal Efficiency

@ The pile-up suppression uses the event-by-event median pr density (p)
and the jet area.

@ The pile-up correction is made to the subjets only before their pT is
calculated for the trimming procedure.

D.W. Miller (EFI, Chicago) Aspen Winter 2015 — Physics Frontier with Circular Colliders January 30, 2015 28/31


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetSubstructureECFA2014

Summary and conclusions

Outline

© Summary and conclusions
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Summary and conclusions

Conclusions and outlook

o Pile-up mitigation:
e We are at the point where the experimental techniques to mitigate pile-up are
extremely advanced
o Collaborations will be testing these techniques at the LHC in the coming years
o Adapting these techniques to the needs and constraints of new detectors and new
technologies for future colliders will be the primary hurdle, not the methods
themselves
o Jet definitions:
o Wide variety of jet definitions available, and dynamically defined sizes and
grooming parameters will become relatively commonplace
o This will be relevant for wide dynamic range searches even for very early in Run IT
o Grooming is invaluable for W/Z/h/t tagging and will need to be considered in any
future collider detector study and optimization
o Jet tagging:
Very complex approaches are available, as well as very simple, yet effective, ones
Expect multivariate taggers to be commissioned by LHC experiments soon
Still need “simple” taggers for cross-checks, easy background/sideband estimates
b-tagging will be involved in almost all searches
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Summary and conclusions

The last few years have seen a dramatic increase in the level to which we are able to
exploit the hadronic final state to perform precision physics at the energy frontier by
treating a jet as much more than just a fixed 4-vector surrogate for a parton.

Looking ahead

o These techniques will play a critical role
in first Run II analyses

o SUSY, Exotics, Higgs (SM+Exotic) will
make use of these taggers as we progress
higher in the energy frontier

o At even higher instantaneous luminosities,
the complex techniques now available for
input-level pile-up mitigation will be come
crucial

Thank you!

20157 20457
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Outline

@ Backup slides and additional information
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Backup slides and additional information

Additional Material

D.W. Miller (EFI, Chicago) Aspen Winter 2015 — Physics Frontier with Circular Colliders January 30, 2015 2/10



Backup slides and additional information

Outline

@ Backup slides and additional information
@ Triggering on boosted objects in Run III
@ Track-jet based b-tagging
@ Caveats and pitfalls to watch out for
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Backup slides and additional information Triggering on boosted objects in Run IIT
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The entire calorimeter on a single board!
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Backup slides and additional information Triggering on boosted objects in Run IIT
Triggering on boosted objects in Run 111
Level-1 fat jet trigger: global feature extraction (gFEX)

o Signal: boosted top quarks
o Build gFEX jets (in red) from

g 1.0 (SIS tagmessasassenma

seeds g [ 2t of w1

o Seed threshold: Er > 15GeV & oo AL Vay ]

. — L bl 4

o Sum gTowers in AR < 1.0 3 [ s © ; 1

. S L a i

(noise cut: Er > 3 GeV) 3 o6 L éTLx}St Preliminary—

r Imulation

o Compare to Run 1 (open markers) r © = 1

- . [ . B 1T {s=14 TeV (1)=80 1

o Efficiency for Run I trigger 0.4 o Lt A ey |

. a jet

depends on the subjet [ m Mo bya Rz 1

multiplicity 020 o7 o vgmnmene L ]

o Worsening efficiencies for QCD I *Dnﬁf 2 5o % 5 seies

. . . | L | L | L

jet — W jet — top jet 0456 200 300 400 500

o gFEX efficiency does not uncalibrated p [GeV]

depend on the jet structure

gFEX efficient despite significant jet substructure!
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Level 1 pile-up subtraction for boosted tops and bosons
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@ p calculation at Level 1 is independent of hard scattering process, as it
should be

@ Subtraction improves turn-on and allows for subjet tagging at Level 1
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Track-jet based b-tagging for Run I1

ATL-PHYS-PUB-2014-013
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AR, b-jet efficiency

o Specifically developed for the graviton— HH — 4b search, but has significant
implications for top & top-like final states.

o Now have the ability to define b-tagged objects independent of the calorimeter and
then associated to a given calorimeter-based jet definition post facto

D.W. Miller (EFI, Chicago) Aspen Winter 2015 — Physics Frontier with Circular Colliders January 30, 2015 7710


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-013

Backup slides and additional information Track-jet based b-tagging

Track-jet based b-tagging for Run I1

ATL-PHYS-PUB-2014-013
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o Specifically developed for the graviton— HH — 4b search, but has significant
implications for top & top-like final states.

o Now have the ability to define b-tagged objects independent of the calorimeter and
then associated to a given calorimeter-based jet definition post facto
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Complex taggers compared to “simple” taggers (1)
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@ See identical performance with a cut on 735 + cut on mass + cut on b-tagging as using full CMSTopTagger
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“Best” performance vs. “realistic” performance

CMS Preliminary Simulation 13 TeV
T

O/ch{‘ | 18 13 11
QG subbf— . 13 11 10
QG sub1 [ 129 9

e =z -

cp=n| 1414 8
Cpe19)

£33 " 23t
= 3 3 o3 g
= = c ¢ &

50

@ Try to improve the single
variable performance by
means of pairs combination

@ Do this in two independent
pileup bins

Best Performance

Performance is estimated as
1/l fore_=50%
‘back sig’

o @ Pair - pruned or soft drop

mass combined with T/t or
subjet Q/G combination

Performance still far from what
you get combining all the
observables

o The difference between “best” in boxes, and “second best” (e.g. rejection factor 41 vs. 52) is 0.4%.
o This is not an observable difference, and if we take such arguments literally, we may find ourselves in a

corner.

@ We should develop a threshold for improvement that requires that the complexity needed for that

improvement be outweighed by the significance of the gain
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Caveats and pitfalls to watch out for

Complex taggers compared to “simple” taggers (I)

Mistag Rate

D.W. Miller (EFI, Chicago)
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