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Fat jets

Boosted particles at the LHC

1994
1994
2002
2006
2008
2008
2009
2010

2010

boosted W — 2 jets from heavy Higgs (seymour
boosted t — 3 jets [Seymour]
boosted W — 2 jets from strongly interacting WW  (vspiiter: Butterworth, Cox, Forshaw]

boosted t — 3 jets from heavy resonances [Agashe, Belyaev, Krupovnickas, Perez, Virzi]
boosted H — bb  [Butierworth, Davison, Rubin, Salam]

boosted t — 3 jets from heavy resonances [H tagger: Kaplan, Rehermann, Schwartz, Tweedie]
boosted t — 3 jets in Higgs production [tp, salam, Spannowsky]

boosted t — 3 jets from tOp partners [HEPTopTagger: TP, Spannowsky, Takeuchi, Zerwas]

first multi-author meta analysis review [BOOST proceedings, Ed: Karagoz, Spannowsky, Vos]
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Boosted particles at the LHC
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boosted W — 2 jets from heavy Higgs (seymour
boosted t — 3 jets [Seymour]
boosted W — 2 jets from strongly interacting WW  (vspiiter: Butterworth, Cox, Forshaw]

boosted t — 3 jets from heavy resonances [Agashe, Belyaev, Krupovnickas, Perez, Virzi]
boosted H — bb  [Butierworth, Davison, Rubin, Salam]

boosted t — 3 jets from heavy resonances [H tagger: Kaplan, Rehermann, Schwartz, Tweedie]
boosted t — 3 jets in Higgs production [tp, salam, Spannowsky]

boosted t — 3 jets from TOp partners [HEPTopTagger: TP, Spannowsky, Takeuchi, Zerwas]

first multi-author meta analysis review [BOOST proceedings, Ed: Karagoz, Spannowsky, Vos]
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i Definition of jets

Higgs decays — jet—parton duality < what are partons in detector?
BT — need algorithm to reconstruct what was one parton
e — stable w.r.t inclusion of soft radiation [k sae]
f;(:oi”;g — crucial for any LHC analysis

Different measures wool: FASTJET]
— define jet—jet and jet—beam distance (and resolution y ]

AR;
kr Yj=—p min (7.1, PT,7) YiB = Pr,i
AR
C/A Vi = DU yg =1
. AR; . 1 - _
antikr  y; = =L min (pr}.p7)) Y =P -

- (1) find minimum ypin = ming (¥, ¥x8)
(2a) if Ymin = Yk < Yeu combine k and /, go to (1)
(20) if Ymin = Vi < Yeu remove k, go to (1)
(2¢) if Ymin > Yeur, done

— theoretical and experimental trade-off decisions

— fat jets: use clustering history
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Fat jets New strategy for H — bb  (Butterworth, Davison, Rubin, Salam]
AIEESEEER - desperately needed [2/30f all light Higgses; impact Dihrssen & SFitter]
Higgs tagger but killed by continuum Vbb background

IEEEEER — S:large myy, boost-dependent Ry,

S ES B: large myy, only for large Rpp

Leptonic tag S/B: go for large my, and small Ry, SO boost Higgs

fat Higgs jet Rpp ~ 2mH/pT ~ 0.8 fiike b tag for now]
- qE/ — VgHb sizeable in boosted regime [o7 Z 300 GeV, few % of total rate]

1o,

ot

doldp;

10 ttH: pr,

Sso ttHipey
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Example 1: VH,H — bb

New strategy for H — bb  (Butterworth, Davison, Rubin, Salam]
- desperately needed [2/30f all light Higgses; impact Dihrssen & SFitter]
but killed by continuum Vbb background

— S: large myy,, boost-dependent Ry,
B: large myy, only for large Rpp
S/B: go for large my, and small Ry, SO boost Higgs

— fat Higgs jet Rpp ~ 2mH/pT ~ 0.8 {ike btag for now]
- qE/ — VyH), sizeable in boosted regime [o7 Z 300 GeV, few % of total rate]
= best performance: C/A algorithm

jet definition | os/tb | oslib | S/vBso
CAR=12 057 | 051 74
ki ,R=10 0.19 | 074 1.2

2.3

1.33

0.49

SISCone, R = 0.8
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Example 1: VH,H — bb

New strategy for H — bb  (Butterworth, Davison, Rubin, Salam]

= best performance: C/A algorithm

desperately needed [2/3 of all light Higgses; impact Diihrssen & SFitter]
but killed by continuum Vbb background

S: large myy, boost-dependent Ry

B: large mpy, only for large Rpp

S/B: go for large mp, and small Ry, so boost Higgs
fat HIggS jet Rbb ~ 2mH/pT ~ 0.8 [ike btag for now]
qq — V,Hp, sizeable in boosted regime [p; > 300 Gev, few % of total rate]

Bottom line, details later

combined channels V — ¢, vv, bv

NLO rates [bbV notorious, not from data alone]

Z peak as sanity check

checked by Freiburg  (piquadio]
subjet b tag excellent  7ow%/1%]
charm rejection challenging
my + 8 GeV tough

significance

@ B 200GeV R = 1211 = 70%
E & 300GV R =07 EIf = 70%

¥- 200GeV R = 1.2 Eff = 60%
F O 300GeV R = 0.7 Eff = 60%

v

Significance

(b) - 200GeV R = 12 Eff = 70% (1%)
E —& 300GeV R = 0.7 Eff = 70% (19%)
‘¥ 200GeV R = 1.2 Eff = 60% (2%)|
P -~ 300GeV R = 0.7 Eff = 60% (2%)

| | i
0.02 004 006 008 0.1
b Mistag Probability

e
T T TS N TS T
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Example 2: ttH,H — bb

Sad StOI’y of ﬁH, H— bt_) [Atlas-Bonn study, CMS-TDR even worse]

— trigger: t — bW+ — bétv

reconstruction and rate:  — bW~ — bjj 5 atias
— continuum background {tbb, tfjj weightedbybtag) % - E
g Soneined mass E

— not a chance:
1— combinatorics: my in pp — 4bzag 2 lv
2— kinematics: peak-on-peak
3- systematics: S/B ~ 1/9

|

PV TOVIT TUUVL TOTN O PO L
% 005 0.1 0.15 0.2 0.25 0.3 035 0.4 045 05
ABB
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Example 2: ttH,H — bb

Sad StOI’y of ﬁH, H— bt_) [Atlas-Bonn study, CMS-TDR even worse]

— trigger: t — bW+ — blty _
reconstruction and rate: t — bW~ — bjj

— continuum background ttbb, ttjj weighted by b-tag]

— not a chance:
1— combinatorics: my in pp — 4bzag 2 lv
2— kinematics: peak-on-peak
3- systematics: S/B ~ 1/9

Fat jetS idea (TP salam, Spannowsky]

— pp — tytyHp even harder than VH
— S/B: Ryp < 1.2; bb pair boosted  fsolves 1]

— boosted regime different for Sand B fsoves) |
10

— see how far we get... (watch s/Bfor 3]
— cool: fat Higgs jet + fat top jet

4l
10

10 1o,

T

ttH: p,,

-3 [
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ot
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Example 2: ttH,H — bb

Sad StOI’y of ﬁH, H— b[_) [Atlas-Bonn study, CMS-TDR even worse]

— trigger: t — bW+ — bétv

reconstruction and rate:  — bW~ — bjj
— continuum background ttbb, ttjj weighted by b-tag]

— not a chance:

1— combinatorics: my in pp — 4bzag 2 lv

2— kinematics: peak-on-peak
3- systematics: S/B ~ 1/9

Another bottom line

— require tagged top and Higgs

trigger on lepton

— remove ‘Higgs’ as t, — b plus QCD
3rd b tag in continuum  [costing S/ /Bl

only continuum t7bb left

per1fo—1 signal ttz ttbb ft+jets
events after acceptance 24.1 6.9 191 4160
events with one top tag 10.2 29 70.4 1457
events with mp, = 110 — 130 GeV 29 0.44 12.6 116
corresponding to subjet pairings 3.2 0.47 13.8 121
subjet pairings two b tags 1.0 0.08 2.3 1.4
including a third b tag 0.48 0.03 1.09 0.06
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Example 2: ttH,H — bb

Sad story of ttH, H — bb  (Atias-Bonn study, CMS-TDR even worse]

— trigger: t — bW+ — blty _
reconstruction and rate: t — bW~ — bjj
— continuum background ttbb, ttjj weighted by b-tag]
— not a chance:
1— combinatorics: my in pp — 4bzag 2 lv
2— kinematics: peak-on-peak
3- systematics: S/B ~ 1/9

. l (1(7/(1[11}‘)\’ [fb/5 (‘;OV]
Another bottom line

— require tagged top and Higgs

trigger on lepton o2 | MR

— remove ‘Higgs’ as t, — b plus QCD
3rd b tag in continuum  [costing S/ /]
only continuum ttbb left

my | § S/B S/VByy -
115 | 57 1721 5.2

(
120 | 48 1/24 4.5(5.1)
130 | 29 1/3.6 2.9 (

0 —
HZ KN
ttjj ZZZZ |
ttbb
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Example 3: H — bb in SUSY cascades

Higgs in cascade decays [kribs, Martin, Roy, Spannowsky]

idea: find Higgs in cascade decays [cambridge]

BSM sample after missing energy or hard ~ cut
blind Higgs tag over remaining event [aco rejection?]

side bin analysis in mp,
more to follow...

[ Bb invariant mass, L =10 fb",Vs =14 TeV |

Wt +jets
Hw+bb
Mz+bb
W +jets
Z+jets
Esusy

Number of Events/6.0 GeV

60 80 100 120 140 160 180 200
Mg,
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Higgs tagger

Higgs tag for busy QCD environment [BoRs; TP, Salam, Spannowsky]

— uncluster one-by-one: j — j; + jo
1—unbalanced m;, > 0.8m; means QCD; discard j
2— soft m;, < 30 GeV means QCD; keep j

— double b tag [possibly add balance criterion]
three leading J = pr 1pr 2(AR12)* vs My
— no mass constraint — side bin
typical mis-tag probability < 102
— underlying event and pileup deadly
filter reconstruction jets [Butterworth—Salam, cf pruning, trimming]
zoomed-in C/A analysis with Rs; = min(0.3, Rpp/2)

— reconstruct my w/ one QCD jet
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Fat jots Higgs tag for busy QCD environment [BoRs; TP, Salam, Spannowsky]
Higgs decays — uncluster one-by-one: j — ji + jo

Higgs tagger 1—unbalanced m;, > 0.8m; means QCD; discard j
HEPTopTagger 2— soft m;, < 30 GeV means QCD; keep j

ECBlESIE — double b tag [possibly add balance criterion]

Leptonic tag three leading J = pmpT’Z(AFim)“ VS Mpp

— no mass constraint — side bin
typical mis-tag probability < 102

— underlying event and pileup deadly
filter reconstruction jets [Butterworth—Salam, cf pruning, trimming]
zoomed-in C/A analysis with Rs; = min(0.3, Rpp/2)

— reconstruct my w/ one QCD jet

Better than traditional b jets

— no combinatorical choices

— more soft partons included in my

b tagging easier than in continuum
QCD features useful  (soper & Spannowsky]
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Fat jets ngh|y boosted top quarks [Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seattle...]
Hiags decays — identify hadronic tops with pr > 800 GeV
Higgs tagger isolation and b tagging challenging
HEPTopTagger - C/A algorithm with PT dI’Op criterion  [Hopkins tagger, no b tag]
Stop pairs . . .
_ — top mass included, no sidebins
Leptonic tag

— ATLAS studies for semileptonic top pairs [(adapted Y-spliter, full sim, ATLAS-2010-008]

2019 Y Aasaasasasssas: T 2o T
So.16f ATLAS Preiiminary So.18F ATLAS Preliminary H ATLAS Prelminary
5 Simulation Go.16f- Simulation G 0.2} Simulation
S:?OIH ;C 14] 5 :
To.12) = T s T @
E e o1z 42 Eoagl 2
04 = = =
o8 B ool H g
. c 008 o [ o
0.06| 0.08} §
0.04 0.04 3 005 H
£ £
0.02] .02 s S
%200 400 600 800 1000 1200 1400 %200 400 600 800 10001200 1400 %200 400 600 800 1000 1200 1400
timass [GeV) timass [GeV) timass [GeV]

(a) minimal (b) full reconstruction (c) mono-jet



Stuff Tagging

Tilman Plehn

Fat jets

Higgs decays
Higgs tagger
HEPTopTagger
Stop pairs

Leptonic tag

Top tagger

Highly boosted top quarks (Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seatle...]
— identify hadronic tops with pr = 800 GeV
isolation and b tagging challenging
— C/A algorithm with pr drop criterion  (Hopkins tagger, no btag]
— top mass included, no sidebins
— ATLAS studies for semileptonic top pairs [adapted Y-splitier, full sim, ATLAS-2010-008]

Out first tOp tag [TP, Salam, Spannowsky, Takeuchi]

— start with C/A jet [g=1.5] [Johns Hopkins]

— uncluster one-by-one: j — j; + jo
1—unbalanced m;, > 0.8m; means QCD; discard j
2—soft m;, < 30 GeV means QCD; keep j;

— top decay kinematics in relevant substructures
reconstruct my = 60...95 GeV o ‘
reconstruct m; = 150...200 GeV oop e ;’foﬁ;
helicity angle cos 6 j, > 0.7 o08f - auark jets i
no b tag needed

Events (normalizedto unity)
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Fat jets nghly boosted tOp quarks [Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seattle...]
Higgs decays — identify hadronic tops with pr = 800 GeV

Higgs tagger isolation and b tagging challenging

HEPTopTagger - C/A algorithm with PT drop criterion [Hopkins tagger, no b tag]

Stop pars — top mass included, no sidebins

Leptonic tag

— ATLAS studies for semileptonic top pairs [adapted Y-splitier, full sim, ATLAS-2010-008]

Out first tOp tag [TP, Salam, Spannowsky, Takeuchi]

— start with C/A jet [g=1.5] [Johns Hopkins]
uncluster one-by-one: j — j; + jo
1—unbalanced m;, > 0.8m; means QCD; discard j
2—soft m;, < 30 GeV means QCD; keep j;

0.25
top decay kinematics in relevant substructures 2 S—
reconstruct my, = 60...95 GeV 02 f ) [ (17
reconstruct m; = 150...200 GeV
helicity angle cos 6 j, > 0.7
no b tag needed o1t

— filtering w/ 2 QCD jets 0.05

0.15

T

60 80 100 120 140 160 180 200 220

miy mf
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Fatjet Applicable: HEPTopTagger  (re. saam. spamnowsky, Takeuehi Bt
z

Higgs decays — extend lower pr z 250 GeV_

Higgs tagger testable in Standard Model tt events

HEPTopTagger

Stop pairs

Leptonic tag
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Applicable: HEPTopTagger (Tp, salam, Spannowsky, Takeuchi]

Fat jets
Hiags decays — extend lower pr > 250 GeV _
testable in Standard Model tt events
2)

Higgs tagger
HEPTopT: ; i i !
S — new kinematic selection: my;, m m® oo boost
Stop pairs . !
Leptonic tag
£ 0!

arctan m/m,,

arctan my/m,,

L
15

1 K
arctan my/m,,
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HEPTopTagger

Applicable: HEPTopTagger (Tp, salam, Spannowsky, Takeuchi]

— extend lower pr 2 250 GeV
testable in Standard Model tt events

— new kinematic selection:

my, my), mi?

Vi

i

[no boost]

ARy

| |
400 600

%
P{GeV]

3

10%
o

10
L

1
%

P;[GeV]
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Fat jets Applicable: HEPTopTagger  [Tr salam, Spannowsky, Takeuchi] g

510
R — extend lower pr = 250 GeV £
Higgs tagger testable in Standard Model tt events : 1o
HEPTopTagger — new kinematic selection: my;, m{", m® o boosy
i . i I 10?
o — momentum reconstruction for free

3
AR )

g

Number of tops

g

10;

Aplp®
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HEPTopTagger

Applicable: HEPTopTagger [t salam, Spannowsky, Takeuchi]

extend lower pr 2 250 GeV _
testable in Standard Model tt events

new kinematic selection:

momentum reconstruction for free

use color activity  [Baryakthar, Hook, Janowiak, Wacker]
tested by ATLAS Heidelberg [kasieczka & schatzel]
hadronic top like tagged b

Efficiencies
o
o]

o
)

o
iy

tagged (unmatched)

)

inside fat jet

tagged

tt

0 200 300

100%
57%

rel to one fat jet

37%
4.5%
8.0% 1

rel to one fat jet
rel to one fat jet
rel to two fat jets
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Stops pairs
O} g
Stop pairs as the first application  (Tr, spannowsky, Takeuchi, Zerwas] ‘7
-

- Stop most important for hierarchy problem [review: Morrissey, TP, Tait]
comparison to other top partners [Meade & Reece]

— dark matter means difficult semi-leptonic channel [possibly impossible]

— hadronic: ??* — t)Z? ?}2? [CMS: leptons as spontaneous life guards; Meade & Reece overly optimistic]

eventsin1fo— 1 4 ?1* tt QCD  Wa+jets  Z+jets S/B S/ \/Em o1
m;[ GeV] 340 390 440 490 540 640 40

ij > 200 GeV, £ veto|728 447 292 187 124 46(87850 2.4 - 107 1.6 - 105 n/al|3.0 - 10_5

ET > 150 GeV 283 234 184 133 93 35| 22452.4 - 105 1710 2240((1.2 - 10_3

first top tag 100 91 75 57 42 15| 743 7590 90 114|(1.2 - 10_2

second top tag 15124 11 8.4 6.3 2.3 32 129 5.7 14[[8.3. 102

b tag 8.7 7.4 63 5.0 3.8 1.4 19 2.6 < 0.2 5 0.05 0.40 5.9
mro > 250 GeV 43 50 49 42 32 12| 42 < 0.6 < 0.1 < 0.03 0.88 6.1
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Fatjets Stop pairs as the first application  (Tr, spannowsky, Takeuchi, Zerwas] ‘7 .
Higgs decays . X W\D
e - Stop most |mp0rtant for hlerarchy problem [review: Morrissey, TP, Tait]
iggs tagger .
dos taed comparison to other top partners  Meads & Reece]
HEPTopTagger s . )
S— — dark matter means difficult semi-leptonic channel [possibly impossible]
Leptonic tag — hadronic: ??* — t)Z? ?}2? [CMS: leptons as spontaneous life guards; Meade & Reece overly optimistic]
- Stop mass from mro endpoint [like sleptons or sbottoms]
1
mra(fy) = min  |max mr(q; mx)} < m;
Br=a1+a I
— aseasyas bb+ Er 3 M,=98 GeV
o
8
804
8=
IS
0.2~

o
00 300 400 500 600
M GeV]
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Leptonic top tag

Leptonic tag [Thaler & Wang; Rehermann & Tweedie; TP, Spannowsky, Takeuchi]

— known: masses of top decay products
unknown: 3-momentum of neutrino

measured: Ep, Ep, Mpy  rest frame]
— W and t mass constraints

third parameter elsewhere

do not use measured pr vector
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Fat jets

Higgs decays
Higgs tagger
HEPTopTagger
Stop pairs
Leptonic tag

Leptonic top tag

Leptonic tag [Thaler & Wang; Rehermann & Tweedie; TP, Spannowsky, Takeuchi]

— known: masses of top decay products
unknown: 3-momentum of neutrino
measured: Ep, Ep, Mpy  rest frame]

— W and t mass constraints
third parameter elsewhere
do not use measured pr vector
— neutrino coordinates
leading in b — ¢ direction
sub-leading in b — ¢ decay plane
sub-leading orthogonal to decay plane

components (pl, pit)
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Fatjets LeptoniC tag [(Thaler & Wang; Rehermann & Tweedie; TP, Spannowsky, Takeuchi]
Higgs decays — known: masses of top decay products

Higgs tagger unknown: 3-momentum of neutrino

HEPTopTagger measured: Ebv Ey, Mpyp  [rest frame]

Stop pairs — W and t mass constraints

Leptonic tag third parameter elsewhere

do not use measured pr vector

— neutrino coordinates
leading in b — ¢ direction
sub-leading in b — ¢ decay plane
sub-leading orthogonal to decay plane

— approximations for A®(pr, pr) and mro

decay plane: p;, =

orthogonal: pll = 3
4 —102
I Joas
2- —0.1
le —0.05
0 L 0 L In H I
-3 -2 -1 o 1 2 3
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Fatjets LeptoniC tag [(Thaler & Wang; Rehermann & Tweedie; TP, Spannowsky, Takeuchi]
Higgs decays — known: masses of top decay products

Higgs tagger unknown: 3-momentum of neutrino

HEPTopTagger measured: Ebv Ey, Mpyp  [rest frame]

Stop pairs — W and t mass constraints

Leptonic tag third parameter elsewhere

do not use measured pr vector

— neutrino coordinates
leading in b — ¢ direction
sub-leading in b — ¢ decay plane
sub-leading orthogonal to decay plane

— approximations for A®(pr, pr) and mro

decay plane: p;, =

orthogonal: pll = 3
4 —102
3 —0.15
o Jox
le —0.05
0 L 0 L In H I
-3 -2 -1 o 1 2 3

— scoop us and you will get killed in a really ugly manner...
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Fatjets Fat jets — Aspirin of LHC phenomenology

Hiags decays — VH: bringing back 2/3 of light Higgses
:Ss::i::;er — ttH: curing combinatorics and backgrounds
S — SUSY cascades: curing lack of analysis idea
Leptonic tag

— Z' etc: improving mass resolution
— Ft*: curing backgrounds

— HEPTopTagger code as FASTJET add-on  www.thphys.uni-heidelberg.der plehn/HEPTopTagger]
leptonic tagger on the way  [keep fingers crossed]

LHC lecture notes arXiv:0910.4182
BOOST review arXiv:1012.5412
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