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Fat jets

Boosted particles at the LHC

1994
1994
2002
2006
2008
2009
2009

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

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

boosted )Z? — 3 jets in R parity violating SUSY  [gutterworth, Ellis, Raklev, Salam]
boosted t — 3 jets from top partners (Tr. salam, Spannowsky, Takeuchi]
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boosted H — bb  [Butierworth, Davison, Rubin, Salam]

boosted )Z? — 3 jets in R parity violating SUSY  [gutterworth, Ellis, Raklev, Salam]
boosted t — 3 jets from top partners (Tr. salam, Spannowsky, Takeuchi]
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Fat jets New strategy for H — bb  (Butterworth, Davison, Rubin, Salam]
Uik (1] => &1 - desperately needed [2/3 of all light Higgses; impact Dihrssen & SFitter]
ttH, H — bb
P — S:large myy, boost-dependent Ry
opiegest B: large myy, only for large Rpyp
SIEDEES S/B: go for large mp, and small Ry, so boost Higgs
More Higgs

fat Higgs jet Rpp ~ 2my/pr ~ 0.8
— gq — VyH, sizeable in boosted regime (o1 > 300 GeV, few % of total rate]

Vo, do/dp;
10 3 ttH: pr
.37 N
10 = S, ttHipry
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Higgs to bottoms

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

- desperately needed [2/3 of all light Higgses; impact Dihrssen & SFitter]

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

— fat Higgs jet Rpp ~ 2my/pr ~ 0.8
— gq — VyH, sizeable in boosted regime (o1 > 300 GeV, few % of total rate]
= non-trivial challenge to jet algorthms [getails late

jet definition | os/fo | osffb | S/vVBso
C/A, R = 1.2, MD-F 0.57 0.51 4.4
ki, R=1.0, you 0.19 | 0.74 1.2

23

1.33

0.49

SISCone, R =0.8
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Higgs to bottoms

New strategy for H — bb  [utterworth, Davison, Rubin, Salam]

desperately needed [2/3 of all light Higgses; impact Diihrssen & SFitter]

S: large my,, boost-dependent Ry,

B: large my,, only for large Rpp

S/B: go for large mp, and small Ry, so boost Higgs
fat Higgs jet Rpp ~ 2my/pr ~ 0.8
qq — V,Hp sizeable in boosted regime (p; > 300 Gev, few % of total rate]
= non-trivial challenge to jet algorthms  (details later]

Results and checks

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  [7o%/1%]
charm rejection challenging
my + 8 GeV tough

confirmed at 20% level

Significance

f@

- 200GeV R = 12 Eff = 70%
—&- 300GeV R = 0.7 Eff = 70%

¥ 200GeV R = 1.2 Eff = 60%
-6~ 300GeV R = 0.7 Eff = 60%

v

Significance

(b) - 200GeVR=12Efl = 70% (1%)
E —— 300GeV R = 0.7 Eff = 70% (1%)

¥ 200GeV R = 1.2 Eff = 60% (2%)|
L ~©- 300GeV R = 0.7 Eff = 60% (2%)
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Rescuing ttH

Traditional ﬁH, H— bB [Atlas-Bonn study, CMS-TDR even worse]
— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj
— continuum background {tbb, ttjj weighted by b-tag]

— no chance:
1— combinatorics: my, from pp — 4byag 2 v

Fraction of events
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Rescuing ttH

Traditional ﬁH, H— bB [Atlas-Bonn study, CMS-TDR even worse]
— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj
— continuum background {tbb, ttjj weighted by b-tag]

— not a chance:
1— combinatorics: my in pp — 4bag 2f Lv
2— kinematics: peak-on-peak

Fraction of events

Number of choices
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Rescuing ttH

Traditional ﬁH, H— bB [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

Fraction of events
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Rescuing ttH

Traditional ﬁH, H— bB [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 analysis [TP, Salam, Spannowsky]

— S:large myy, boost-dependent Ry
B: large my, only for large Rpp
S/B: large mp, and small Ryy; correct bottom pair boosted  (sotves 1

pp — tetyHp, even harder than VH 10tL
also boost different for S and B jsoves 2]

cool: fat Higgs jet + fat top jet
uncool: QCD (pittmaier et al: K = 2.3 for tfbb]

,27
10°F

see how far we get... [waich s/810r3] af
10 ¢

af Wij: pry - WH: e

1o, do/dp;

ttH: p;,
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Fat jets TOp tag (et Johns Hopkins, Princeton, Washington]
VH,H — bb — start with C/A jet [r=1.5] [ohns Hopkins]
ttH, H — bb , . .

— uncluster one-by-one: j — j; + jo
HEPTopTagger

1—unbalanced m;, > 0.8m; means QCD; discard j
SU[FES 2— soft m;, < 30 GeV means QCD; keep j

MDAz — top decay kinematics in relevant substructures
reconstruct my, = 60...95 GeV
reconstruct m; = 150...200 GeV
hellCIty angle Ccos 9[71'1 > 0.7 [changed later]
no b tag needed

— underlying event scaling like R* 02
filter reconstruction jets [Butterworth-salam]
decay plus one add'l jet at Ry ~ Rjj/2 5]
reconstruct masses w/ QCD jet

= HEPTopTagger 01

‘//,[-{ —
ttbb -

I
60 80 100 120 140 160 180 200 220

rec

mig rec
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Rescuing ttH

Higgs tag

— same as top tag [stricter mass drop criterion, harder jets]

but: Higgs mass unknown

— double b tag [©(10%) from leptonic top]
combinations ordered by J = pT,1pT72(AR12)4
three leading combinations vs mfil

= like Butterworth-Salam for busy QCD

Analysis

— require tagged top and Higgs

trigger on lepton

— remove ‘Higgs’ as t, — b plus QCD

3rd b tag in continuum

B=38S5—24S _lcosting 5/~+/B]

only continuum ¢bb left

per1fb—! signal ftz ttbb ft+jets
events after acceptance 241 6.9 191 4160
events with one top tag 10.2 29 70.4 1457
events with Mpp = 110 — 130 GeV 2.9 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 23 1.4
including a third b tag 0.48 0.03 1.09 0.06
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Rescuing ttH

Higgs tag

— Same as tOp tag [stricter mass drop criterion, harder jets]

but: Higgs mass unknown

— double b tag [©(10%) from leptonic top]
combinations ordered by J = pmpT,Z(ARm)“
three leading combinations vs miil

= like Butterworth-Salam for busy QCD

Analysis
— require tagged top and Higgs : — ‘ ‘ ‘
trigger on |ept0n 06 | do/dmyg [fb/5 GeV] tHH -
) 7NN\
— remove ‘Higgs’ as f; — b plus QCD 04 L . tjj v
3rd b tag in continuum wCR2%2 % b W
B =3.85 — 2.4S [costing S/ VBl 02 + =\ \

only continuum {tbb left .

my | S S/B S/VB 06 |
115 | 57 121 52(5.7)
120 | 48 1/24 45(5.1) 04 F
130 | 29 1/36 2.9(3.0)

= under experimental scrutiny

......

0.2 o,

my;,  [GeV]
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Fat jets ngh|y boosted top quarks [Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seattle...]
RS — identify hadronic tops with pr > 800 GeV
Hch ] = (B isolation and b tagging challenging

PR EET — C/A algorithm with pr drop criterion
all top decay jets identified
More Higgs 3 kinematic constraints: myy, m¢, COS bhe| o btag]

— top mass included, no sidebins
— general ATLAS studies [arLAs-2010-008]

Stop pairs

2514 £ 02T T Lo 2T
Eo.m ATLAS Preliminary gc 18]~ ATLAS Preliminary g ATLAS Preliminary
) Simulation So.16f Simulation G 02} Simulation
50.‘4 5(, 4 é
So.1 £
To.12} - T s © ]
£ e £0.12 42 Eoasf 2
o 2 o 2 2
= . z z
0.08) 2 oo 2 of 2
0.0 0.08]
0.04 0.04 ; 0.05]
0.02] 0.02] S
X 2
%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
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Boosted top

nghly boosted tOp quarks [Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seattle...]

— identify hadronic tops with pr = 800 GeV
isolation and b tagging challenging

— C/A algorithm with pr drop criterion
all top decay jets identified
3 kinematic constraints: myy, m¢, CoS bhe|  [no btag]

— top mass included, no sidebins

Standard Model: HEPTopTagger [TP, Salam, Spannowsky, Takeuchi]

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

— start like Higgs tagger  [mass drop, A = 1.5]

i i on: mi m) m@
kinematic selection: M, My, my;

[no b tag, filtered]

Number of tops
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Fatjets nghly boosted top quarks [Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seattle...]
VH, H — bb — identify hadronic tops with pr = 800 GeV

ftH, H — bb isolation and b tagging challenging

RIS e — C/A algorithm with pr drop criterion

Stop pairs all top decay jets identified

More Higgs 3 kinematic constraints: myy, m¢, CoS bhe|  [no btag]

ARhH

— top mass included, no sidebins

Standard Model: HEPTopTagger (tr salam, Spannowsky, Takeuchi]

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

— start like Higgs tagger  [mass drop, A = 1.5]
(1) 3

kinematic selection: M, My, M= o biag, fered)

ARhll

% 200 400

600
P7[GeV]
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Fatjets nghly boosted tOp quarks [Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seattle...]
VH, H — bb — identify hadronic tops with pr = 800 GeV

{iH, H — bb isolation and b tagging challenging

RIS e — C/A algorithm with pr drop criterion

Stop pairs all top decay jets identified

More Higgs 3 kinematic constraints: myy, m¢, CoS bhe|  [no btag]

— top mass included, no sidebins

Standard Model: HEPTopTagger [TP, Salam, Spannowsky, Takeuchi]

— extend lower pr 2 250 GeV

testable in Standard Model tt

start like Higgs tagger (mass drop, B = 1.5]

kinematic selection: my;, mj(;), m](..z) [no b tag, filtered]
momentum reconstruction for free

inside fat jet

Efficiencies

prOmiSing tests by ATLAS [Kasieczka & Schatzel]
hadronic top like tagged b
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Boosted top

nghly boosted tOp quarks [Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seattle...]

— identify hadronic tops with pr = 800 GeV

isolation and b tagging challenging

— C/A algorithm with pr drop criterion

all top decay jets identified

3 kinematic constraints: myy, my, CoS bhe

top mass included, no sidebins

[no b tag]

Standard Model: HEPTopTagger [TP, Salam, Spannowsky, Takeuchi]

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

start like Higgs tagger (mass drop, B = 1.5]
(2)

i i ons me mi)
kinematic selection:  my;, my”, mj;
momentum reconstruction for free

[no b tag, filtered]

prOmiSing tests by ATLAS [Kasieczka & Schatzel]

hadronic top like tagged b

tt

QCD

W+jets

PF[GeV]

0

200 300

one fat jet
two fat jets

100%
44%

100% 100%
57% 70%

100%
53%

100%
50%!

rel to one fat jet

one top tag
two top tags

23%
2.0%
4.5%

37% 51%

2.0%

4.5% 8.5% 0.027%

8.0% 12%

0.05%

3.9%
0.07%!
0.15%!

rel to one fat jet
rel to one fat jet
rel to two fat jets




Fatjets Boosted top

Tilman Plehn

Fatjets ngh|y boosted tOp quarks [Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seattle...]
VH, H — bb — identify hadronic tops with pr = 800 GeV

ftH, H — bb isolation and b tagging challenging

RIS PUSAERET — C/A algorithm with pr drop criterion

Stop pairs all top decay jets identified

More Higgs 3 kinematic constraints: myy, m¢, COS bhe| o btag]

— top mass included, no sidebins

HEPTopTagger: kinematic selection

— kinematic criteria without boosts etc

1 15 1 15 1 15
arctan m,/m,, arctan m,/m,, arctan m;/m,,
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Fatjets ngh|y boosted tOp quarks [Kaplan, Rehermann, Schwartz, Tweedie; Princeton, Seattle...]
VH, H — bb — identify hadronic tops with pr = 800 GeV

ftH, H — bb isolation and b tagging challenging

RIS PUSAERET — C/A algorithm with pr drop criterion

Stop pairs all top decay jets identified

More Higgs 3 kinematic constraints: myy, m¢, COS bhe| o btag]

— top mass included, no sidebins

HEPTopTagger: momentum reconstruction

— top momentum reconstruction [p; > 200, 300 Gev]

g é gm"f
5 s b
T g z
2 - 2
£ 51 Ew
z z z

10 107

2 3
ARPEP)
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Stops

StOp pairs [TP, Spannowsky, Takeuchi, Zerwas]

— stop most important particle for hierarchy problem
comparison to other top partners [Meade & Reece]

— dark matter means difficult semi-leptonic channel

OO0+

¥
: t

- purely hadronic: Ti* — t)%? ?)2? [CMS TDR: leptons as spontaneous life guards]

eventsin 1 b fi ft QCD  Wi+jets  Z+ets s/B S/ \/Em p—!
m?[ GeV] 340 390 440 490 540 640 340

ij > 200 GeV, £ veto|728 447 292 187 124 46(87850 2.4 - 107 1.6 - 10° n/al[3.0 - 10—2

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 87 7.4 63 5.0 3.8 1.4 19 2.6 < 0.2 0.0 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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Fat jets StOp pairs [TP, Spannowsky, Takeuchi, Zerwas] V

VH, H — bb ) ) ‘ -t

1 — (58 — stop most important particle for hierarchy problem Y%:m
comparison to other top partners [Meade & Reece]

HEPTopTagger

dark matter means difficult semi-leptonic channel

Stop pairs - _
More Higgs - purely hadronic: tt* — t)%? ti? [CMS TDR: leptons as spontaneous life guards]
- Stop mass from mro endpc_)lnt [like sleptons or sbottoms] %‘ V=08 Gev
— not harder analysis than bb + Er S
8§E0.4’
IS M,=340 GeV/
0.2-
M05=540 Gev

—
00 300 400 500 600
MrGev]
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Rt Higgs in cascade decays [kribs, Martin, Roy, Spannowsky]

VH, H = bb — idea: find Higgs in cascade decays  (cambridge]

ftH, H — bb L

— BSM sample after missing energy or hard ~ cut

HEPTopTagger X o

Stop pairs — Higgs tag over the remaining event [ Bb invariant mass, L =10 fb",y§ = 14 TeV |

More Higgs — side bin analysis in mp, =m;;s
50 Baie,

Z+jets

Wsusy

3

Number of Events/6.0 GeV
P )
8 8

3

o

60 80 100 120 140 160 180 200
Mg,
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Outlook

Fat jets — Aspirin of LHC phenomenology

VH: curing QCD backgrounds

ftH: curing combinatorics and backgrounds

t*: curing backgrounds

cascade Higgs: curing lack of strategie

heavy resonances: curing calorimeter resolution
try using it against your headache...
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