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This presentation focuses on top-tagging algorithms:
physics analyses results are in Konstantinos Kousouris' presentation

There are many developments and new techniques.

This presentation focuses on techniques that are likely to be used in ATLAS/CMS data
analyses in near future.

Non exhaustive list of other interesting techniques is given at the end.

Outline:
» Boosted top introduction

» Current algorithms, used in ATLAS / CMS analyses:
Substructure variables

Top-tagging algorithms: HEPTopTagger, CMSTopTagger, Shower Deconstruction
Comparison of the algorithms performances

» New algorithms:
Variable-R jets
HOTVR
PUPPI
Track-assisted mass
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Boosted top introduction

motivation, challenges and basic concepts
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Boosted Regime

Example with top-antitop pairs

Re<olved Boosted
esolve
, The showers of
All the jets are different decay
reconstructed products overlap
and cannot be
reconstructed as
individual jets
When this happens: Angiz'n .P..TL.(.)fliljiF.ié.ll partlclzleI AllR izm/pT
High mass particle decay: § of | ATLAS Simulation j 200
' C
direct searches for new physics (z', vLQ, SUSY, ...) = 18 Pythia Z' ti, t Wb 150
Observation in specific phase-space: < 1.6 4160
new physics in precision measurements 1.4F 4 =140
(differential cross-section, charge asymmetry, ...) 12F | 1 1120
e A b9 =100
Advantages: 0.85 180
» Better reconstruction/acceptance for the 0.6/ . 60
phase-space of interest O A
» Complementary with resolved regime 0ee o TN
» Better S/B region (less QCD jets) % 100200300 400500 600 700 800 900
JHEPO9 (2013) 076 pEr [GeV]
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Boosted Selection

Boosted regime needs a specific selection:
» Leptonic top decay:

ATLAS: isolation with p_-dependant-cone CMS: cut on AR(¢,jet) and p.(¢,jet)
b
; b pr(jet)
rel
w —> tﬂ@ e’y
A W W pr(®)

» Hadronic top decay:

Use Large-Radius jet to capture all the top quark decay products
anti-kt / CA, with large radius: 0.8, 1.0, 1.5 (ref. in backup slide)

ATLAS: calorimeter cell clusters inputs,
CMS: particle flow inputs

Substructure of the large-R jet is used for top-tagging

(using substructure variables or more complex algorithm)

Cases using small-R jets (dense environment, low boost):
» Re-clustering [arxiv:1606.03903] (ATLAS)

» Resolved tagger (cms-Exo-16-005] (CMS)
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Large-R Jets universitatbonn

If Ris large: all top decay products are contained corollary: higher contamination from Pile-Up

Grooming and Pile-Up:

» Filtering: recluster into subjets and keep the N hardest subjets [Phys. Rev. Lett. 100 (2008) 242001]
» Trimming: recluster into subjets and keep the subjets with p_/ pJ*t > x [JHEPO2 (2010) 084]
» Pruning: ignore wide angle soft constituents during the clustering [Phys. Rev. D81 (2010) 094023]
» Soft-drop: decluster and remove wide angle soft constituents [JHEPO5 (2014) 146]

ATLAS: Contamination from Pile-Up is reduced by grooming

CMS: Charged Hadron Subtraction (eps-+ep2013 (2013) 4331 is used (evaluation of the PU contamination
based on charged particle vertex)

W
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Current algorithms

developed for few years in ATLAS/CMS
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Substructure Variables e "
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» trimmed mass [JHEP02 (2010) 084] Or soft-drop mass [JHEPO5 (2014) 1461
Large-R mass after grooming —ore detailsin
Peak at the top mass backup slides

» k. splitting scale yHEePo7 (2008) 092]
Value of the jet-jet distance in the last step of the k, algorithm clustering

High for top-jet

» N-subjettiness ratio JHEPO3 (2011) 015]
From N-subjettiness T (formula in backup slide), T, = ‘C3/‘E2

The lower, the more 3-prong-like
» QJet volatility [phys. Rev. Lett. 108 182003 (2012)]
Jet mass stability when some randomness is added to the pair-clustering decision
Low value for top-jet
» subjet b-tagging
Specific dense-environment resistant b-tagging applied

CMS: standard combined b-tagging (tracks + secondary vertex) applied to subjets of
a groomed large-R jet [cMs PAS JME-13-007]

ATLAS: Multi-Variate b-tagger [ATL-PHYS-PUB-2014-014] USiNg dense-environment-robust
variables (variables associated to the primary vertex)
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Substructure Variables
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Top-tagging Algorithms

» Substructure top-taggers
. . more details in
Cuts applied on one or several substructure variables backup slides

» HEPTopTagger JHEP 1010 (2010) 078]

From 1.5 CA jet, decluster to hardjets and test the triplet possibilities (+filtering and
reclustering) to find the three subjets corresponding to b, g and ¢'

jets

HEPTopTaggero4 [jHePo6 (2016) 093]: use small-R 0.4 as input (helpful in dense environment)
HEPTopTaggerV2 [arxiv:1503.05921]: minimum effective R vs expected R curve -> Ropt—Roptca'C

» CMS Top-Tagger [CMS-PAS-JME-13-007]

From 0.8 CA jet, decompose the jet (reject soft components, stop if subjets are too
adjacent), decompose the subjets
>N min(m_, m_, m, ), m

subjets’ 127 137 jets

» Shower Deconstruction [phys. Rev. D 87 054012]

Large-R jet (akto8, akt10, CA15) components are reclustered in micro-jets.
Based on computed possible shower history from signal and background, the
probability of the micro-jets configuration is obtained for each shower history

-> X,= P(signal)/P(bkgd)
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Top-tagging Algorithms
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Performances in ATLAS
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Background rejection

Tagging efficiency

Data/Sim.
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Performances in CMS
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New algorithms

in advanced development in ATLAS/CMS
and new ideas
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AT LAS ATL-PHYS-PUB-2016-013

jets in

Variable-R

New jet clustering algorithm tested in ATLAS

[Jets from the AKT-VR Algorithm] JHEP 06 (2009) 059
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Variable_R jets in ATLAS ATL-PHYS-PUB-2016-013
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HOTVR algorithm arXiv:1606.04961
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Heavy Object Tagger with Variable Radius

Top tagger with low complexity and good performance for a large p_ range.

New clustering algorithm that includes:

» Variable jet radius: using the same technique as in the ATLAS Variable R

» Rejection of soft components: mass drop condition in the clustering algorithm

» Subjets identification: thelist of relevant subjets is built during the clustering algorithm

Low p_ (p, ~ 200 GeV) case example:

arXiv:1606.04961

: B_llll I-I TTT III-. LI I TTTT I LI I‘l I T T IJ_ : 34 IIIII I T T I.LI T T I LI I | I T I‘I I TTT IL
[ Event 1 o] " Event 1 "]
[ clustered with CA CAR:OS ] [ clustered with HOTVR HOTVR
2__ . . # — 2_— . - ) . rl —
L. - 8 B i L . *';Qa_'-
N (s S 3 * ~ ] é ) ke e .
ﬂ_’ . . OF . = 'O ‘- |
- 5 : : - ) ; & y A
_1-__. 1 " .r 1{ # . .qF 0'_.5 _1_ -y * . o | _._
2} {1 2 :
o I O P P A S o I I P D D S
-3 -2 -1 0 1 2 3 -3 —2 -1 1 2 3
o

Top decay products not contained in%ide the CA8 jet

Subjets identified (colored areas) + soft components rejected (grey areas) in HOTVR
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H OTVR algorithm arXiv:1606.04961

universitatbonn

Heavy Object Tagger with Variable Radius
Top tagger with low complexity and good performance for a large p_ range.

New clustering algorithm that includes:
» Variable jet radius: using the same technique as in the ATLAS Variable R
» Rejection of soft components: mass drop condition in the clustering algorithm

» Subjets identification: thelist of relevant subjets is built during the clustering algorithm
High p_ (p, ~ 800 GeV) case example:

arXiv:1606.04961

: 3 "‘I' T 1 r 1 I LI I LI I LI I LI In.: LI | _I_ : 3 __I_I LI I LILLEL I LI R | I ) T I LI L | Ir: _I_
. Event 2 . e ] " _Event 2 : TR

- clustered With'CA CA _R:O-'S ] :‘{:Iusired with HOTVR, HOTVR L]

2F I A ] 2__ et -
1k N . = . e r

- y v " R i

of -'*5';‘"?.-': g ofF E = """?“E':"': S
] ' ] f .
_;_1:‘7 - ok _
) P II:..r...'.I.‘-.:.I:-....I...'.‘-.I'....f- Y TN TR A T
-3 —2 -1 0 1 2 3 -3 —2 -1 0 1 2 3

A lot of contamination in the CAS8 jet? ¢

Subjets identified (colored areas) + soft components rejected (grey areas) in HOTVR
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H OTVR algorithm arXiv:1606.04961
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arXiv:1606.04961

wm 10_1 EI | L | LI I I L | L | LI 1 | L L I I IE wm 1D_1 :I I 1 I I I I I I I I I I 1 I I I I I I | ] I 1 |:
- 200<p_ <400 GeV : - 1000 < p, < 2000 GeV -
107 | - 107 =
] —— HOTVR + 1T,, |
10° |- = 107° | —
= 3 cesee CMS + Ty, N = :
= N - - R
: 8}&/‘ s HEP 4 Tass - i
B 4 OptimalR + 1, i §
10—4 : 1 | Ll | 1 Ll | | ] | Ll 1 | Ll 1 | Ll | | Ll 1D—4 [
0 005 01 015 02 025 03 035 0. 0 0.6
€g €g

» Competitive top-tagger
» Flat signal efficiency & background fake-rate, even at high p_

» Low complexity -> low computational power needed

Code added into FastJet/contribs
Developed by CMS members
The concept can be extended to W/Z/H tagging
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PUPPI in CMS CMS DP 2015/034
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PileUp Per Particle Identification in CMS

General technique that can used in all particle-flow reconstruction.

A weight is associated to every particle-flow object inputs, based on surrounding

particles: )
PT, .
=log ) (M{} O(Ro — AR;;)  ->weight(a) such that = o for PU
jeCh,PV g =1for hard scatter
jFi
>-:1D3 40.03 pb™' (13 TeV)
ks Csimulation [ charged Lv ] £ 1802 cmMs ; Idat& AKE PF CHS ]
© o - charged PU 1 S 160 Preliminary  data, AK8 PF PUPPI -
b= 0 15_dl-]etS, \/5_14Tev ....... neutrals LV ] (& - pT>100 GeV, iy <1.3, <N_ >=13 ¢ data, AK8 PF SK )
g 9051 i 1a0F " TR EWTT T MC, AKB PF CHS
Q i I neutrals PU i = — MC, AK8 PF PUPPI -
o i ] - — MC, AK8 PF SK .
c [ 1 120} -
S 01f - = i =
g o 1 100f good agreement in data -
. i ] 80| =
0.05- | 601 E
I 1 40~ =
: ] 20} -
O5————75~ 15 : Leuals i
JHEP10 (2014) 059 of DD 10 20 30 40 50 60 70 80 90 100

PUPPI can also be used for MET, particle isolation

cms DP 2015/034  mass (GeV), AK8 PF CHS
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PUPPI in CMS

JHEP10 (2014) 059,
CMS DP 2015/034

<mp> (GeV)

CMS CMS DP 2015/034

Simulation Preliminary 18 TeV o

I\'\Illlll‘ll\l|\III[Ilr\lr\II|III\|I\II‘IIII|II\I7 {

300<p_<470,Inl<2.4

107'F . E

- flat P, and n E

- A R(top,parton) < 0.8 :
10%F E
10°F -

o / ]

r 7 —— Softdrop (z=0.2, fi=1) Mass + t_/r, CHS

- i —— Softdrop (z=0.2, i=1) Mass + ah PUPPI -

| —— Softdrop (z=0.2, ﬁ=1)Mass+Groomed 3" CHS

—— Softdrop (z=0.2, s=1) Mass + Groomed t ."t PUPPI |

10 1 Illlll‘ll\l]\llllIIL\lL\IIlIII\II\II‘IIII'II\I

CMS DP 2015/034

0 0.10.20.30.405060.70.80.9 1

£(S)

40.03 pb' (13 TeV
—————

universitatbonn
CMS DP 2015/034 13 TeV CMS DP 2015/034 13 TeV
03 I T T T | T T T :) T ] T T T T T T | T T T
CMS —CHs,Top,83% | 0_14—CMS ]
| Simulation Preliminary — CHS, QCD, 88% " Simulation Preliminary ]
0.25[ cA15, flatp_ - PUPPL OO, 81% 0.12| CA15, flat p , .
300-470 GeV - 300-470 GeV — CHs, Top, 83% :
o2 1 Otmeoee  TEEREL
- N ----PUPPI, QCD, 24% ]
: 0.08- -
0.15 C ]
: 0.06}
0.1 _
0.04f
0.05 0.02f
L - -|-:.“ L T -“--:“:.r- i : ol .-1""“.- ".-v-"- i IR R -I = ]
% 100 200 % %2 04 06 08 1
Softdrop (z=0.1, p=0) Mass (GeV) Ungroomed t,/t,

-

70p ™ T ]
L CMs ¢ data, AKBPFCHS
- Preliminary + data, AK8 PF PUPPI -
60} 00 Gey <13 } data AKBPFSK | - .
T 0ce < + MC,AKBPF CHS | » Competitive performance when usedin a
50 + MC, AK8 PF PUPPI -
; ¢ MC,AKBPFSK top-tagger
401 . : =
e e CHS and PUPPI look similar in performance, but:
- z o & ——— - s . o
sol ' i » PUPPI is more stable for PileUp dependence
10f- : » Variable shapes are different: better
N T T T T T substructure resolution using PUPPI
0 5 10 15 20 25 30 35

number of reconstructed vertices
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Track-Assisted mass in ATLAS ‘e
\ universitatbonn

New mass variable for boosted jets

Usual mass is computed from calorimeter cell clusters.
In boosted condition, the components are closer, while the resolution is limited by the

calorimeter granularity. pealo
Tracking information can improve the granularity: ;™A = lIack % mtrack
(but unknown neutrals smear the resolution) Pt
] 008 T T T T T T ; 1 T T T T T T o T T T T T T T T T T T T T T
S | ATLAS Simulation Preliminary | & . ATLAS Simulation Preliminary |
= /s = 13 TeV, QCD dijets 1 = - Vs =13 TeV, QCD dijets ]
.% 0. 06_— In, |<0.4,2.25 Tev < p*" ¢ 2.5 Tev N % 0.2f- In_J<0.4,225TeV <p!" <25 TeV .
@ |40 GeV ¢ m™" < 60 GeV | ® L 160 GeV ¢ m™" ¢ 200 GeV |
L i -Uncalibrated 1 Y iy --Uncalibrated |
i AR — Calibrated 1 — Callibrated 1
0.04- L = |
- .- :;" ) 2. -mTA 1 —-mTA .
0.02- :_:- ._:-: "-.E - |
o R B .- — | .
0 1 2 3 3
ATLAS-CONF-2016-035 ee— ATLAS-CONF-2016-035] -

Gains when high p_and collimated components (low mass)

[ J. Caudron | TOP 2016 | September 20t 2016] 22/26



Track-Assisted mass in ATLAS oo
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Resolution (half of the 68% InterQuantile Range) Vs. pT for W/Z-jets and top-jets:

o
~
o
=

T T | T T T T | T T T T | T T T T | T T T
" ATLAS Simulation Preliminary
Vs =13 TeV, W/Z-jets, In| < 0.8

| T T T T | T T T T | T T T T | T T T T
| ATLAS Simulation Preliminary
s = 13 TeV, Top-jets, | < 0.8

o
w

L T T I T T T T | L T T I T T T

truth truth
.- mcalo Hm = m"“/m --mcalo Rm= m"*/m

— mTA —_ mTA

o

W
||||I||
I T S N T S

o

no

o

no
[

..............

<

L 1 L I

o

—L

S

—
|

% x 68% IQNR(R ) / median(R )
% x 68% IQnR(R )/ median(R )

1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | i | 1 1 1 I | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
500 1000 1500 2000 2500 500 1000 1500 2000 2500
ATLAS-CONF-2016-035 1. th jet p. [GeV] ATLAS-CONF-2016-035 4, jet P [GeV]

0 0

Apply to the large-R jet: gain for high p_ Z/W-jets, but not for top
But (as possible improvements):
» Combination with calorimeter mass
» Track-assisted subjet mass (m™9): it can profit from local charged-to-neutral corrections
it can also be combined with calorimeter mass
->m™> of subjets can be useful in top-tagging algorithms
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Other developments
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New tagger algorithms [ variables:
» HEPTopTagger with BDT [arxiv:1503.05921]

» XCone jet algorithm, reconstructing exclusively N jets in the event [JHEP 11 (2015) 072]

» Image pattern recognition, using deep-neural-network [JHEP 07 (2016) 069], [Phys. Rev. D 93, 094034 (2016)]

» MIVA, using event shapes in the Lorentz-boosted reference frame [arXiv:1606.06859]

> Designing Decorrelated Taggers (reducing syst. unc. by redefining substruct. var. such that there is less
background mass sculpting) [JHEP 05 (2016) 156]

" = arXiv:1606.06859
Also a lot of new ideas in related subjects: 'cfa,fﬁe:e”m' ‘% _ S
> Pile-Up suppression techniques (g, using wavelet analysis) ~ _ aai: ijen |
» Substructure dedicated triggers il
e R Eor

Coming soon (non-binding): 5 - _ % | w
ATLAS: work on implementing: particle-flow, soft-drop, MVA g_qs-_

particle-based pile-up removal o

shower deconstruction in analyses Q%L .

CMS:  PUPPI as main algorithm -1t

implementation of new algorithms
(HOTVR, DDT, MVA)

= 05 0 0.5 1
(MN output 2) - (NN output 4)
Discriminating top, H, Z, W and b using a

4-output NN
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Conclusion
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Conclusion

I've presented the status of the top-tagging algorithms:
1) performant and well-understood taggers are available in ATLAS /| CMS
2) still a lot of developments on-going:
» solution for experimental problems (PupPI, m™)
» implementation of the new ideas (VR)

» but also new ideas from theory (cf. previous slides)

The current taggers are performing well: difficult to gain more in the ROC curve.
But possible improvements on:

» High boost [ high p_
» More universal taggers (whole p. range)
» Systematic uncertainties considerations

» heavy object separation (either by “analysis-dependant” tagger tuning or by optimizing
the tagger against another substructure object)
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Backup slides
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Large-R Jets
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Using several jet algorithms: anti-kt / CA, with large radius: 0.8, 1.0, 1.5

ATLAS: calorimeter cell clusters inputs,
CMS: particle flow inputs

Cases using small-R jets:
Re-clustering [arxiv:1606.03903] (ATLAS) :

small-R jets can be used as inputs to
reconstruct large-R jets

-> avoid overlaps with other contributions in
dense environment (e.g., top squark search)

Resolved taggercms-Exo-16-005] (CMS) :

tagger using small-R jets and MVA, identifying
intermediate low boost region

-> useful for some models, such as tt+DM

Efficiency

Lo B
o o

c o o o<
o o N ™

o o
w B

(ref. in backup slide)

CMS-EXO-16-005 (13 TeV)
7 T T T T T T T T T T T T T T —
“F CMS ——— RTT discriminant > 0 =
- Simulation Preliminary = 110 <mg, < 210 =

w110 < mg,, < 210, 17, < 0.61
Resolver top-tagger

o I|IIII|IIII|IIII|IIII|IIII|IIII

I I | I I |
200 400 600 800
generated top quark P, [GeV]
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References for jet reconstruction it
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Anti-kT

M. Cacciari, G. P. Salam and G. Soyez, The Anti-kt jet clustering algorithm, JHEP 0804 (2008) 063, arXiv:
0802.1189 [hep-ph].

KT:

S. Catani, Y. L. Dokshitzer, M. H. Seymour and B. R. Webber, Nucl. Phys. B 406 (1993) 187 and refs. therein;
S. D. Ellis and D. E. Soper, Phys. Rev. D 48 (1993) 3160 [hep-ph/9305266].

C/A

Y. L. Dokshitzer, G. D. Leder, S. Moretti and B. R. Webber, JHEP 9708, 001 (1997) [hep-ph/9707323]; M.
Wobisch and T. Wengler, hep-ph/9907280.

Calorimeter clusters:

ATLAS Collaboration, Topological cell clustering in the ATLAS calorimeters and its performance in LHC Run
1, submitted to Eur. Phys. J C(2016), arXiv: 1603.02934 [hep-ex].

Particle Flow:

CMS Collaboration, “Particle-flow event reconstruction in CMS and performance for jets, taus, and E miss T
”? CMS Physics Analysis Summary CMS-PAS-PFT-09-001, CERN, 2009.

CMS Collaboration, “Commissioning of the particle-flow reconstruction in minimum-bias and jet events
from pp collisions at 7 TeV”’, CMS Physics Analysis Summary CMS-PAS-PFT-10-002, CERN, 2010.
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Substructure Variables

Events

Trimmed and Soft-drop masses:

Large-R mass after grooming

» trimmed mass [JHEPO2 (2010) 084]

» soft-drop mass  [JHEPO5 (2014) 146]

= OOETEAS R 3
= tt (matched) ]
g 600 57 _[ Ldt=2031" Vs=8TeV % it (nm; ‘r:naetched) =
(aV E [ Single top 3
; 500 Trimmed anti-k, R=1.0 [ WHijets =
el - [ Syst. uncertainty
qt:) 400 —— Exp. uncertainty —
| > o —— Mod. uncertainty 7
S 00= =
200 =
100f- =
EC]
@ 1 = B S NE ue =
©
© 0
o) 0 50 100 150 200 250

JHEPO6 (2016) 093
19.7 b (8 TeV)

CMS-PAS-JME-15-002 197" @Tey)  x10°
oo0b CMS 160 CMS T
200 & Preliminary ~4-Data 1 40 - Preliminary
180 MiMCeNO :
160 Wwwes 3 201
140k o 7 00
120 — 1T Powheg 1 80

1 60
140
120

1.5

- = S S
] g —e— Dala 2015 ATLAS Freliminary 3
o ] it {top) 13
—+—Data J e :f?[W} I'E—'lETeI'H'I 3.21b
] e ~ @ (7 (other) Trimmed Anti-k, A=1.0 =
Mocopynias £ @ Single Top Top Selection
. @ ;
Other _: |_:|:| - g;;ers Jet P = 3?#(39\!'
] [ ] r
— QCD Herwig - [ Stat. & sysl. uncerl.

- @ Stat. uncet.

Large-R jet mass [GeV]

L

| I|JI|I'IIIIII.||I.|I |I I|JI|JI|

Data/Pred.

| 1
0 50 100150 200250300350
Mgy (z_ =0.1,5=0.0) (GeV) Mgy (Z_

400 0 50 100 150 2002530

0 350 4
GeV) JETM-2016-005
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Large-R Jet Mass [GeV]
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Substructure Variables
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k, splitting scale: jHEPO7 (2008) 092]

value of the jet-jet distance in the k, algorithm clustering
dew =min(pra, prp)ARAp,  ARip = (64— 0¢p)° + (na—np)"

for the two proto-jets (A and B) in the last step

%1 03 ATLAS-CONF-2015-035
> | T T | T T T | T T T | T T T | T T Iie=
& 2'_ATLAS Preliminary N
=2 [ Vs=13TeV  antik (R,R_,f )=(1,02005
S OU e R BN G B A 2 "L ~50pb"’  600GeV<p. <800GeV, <15 ]
8 800:— ATLAS :ltf?rﬁatched) f= qc) 1 5__ i E _ E B
i E Ldt=2031f" ys=8TeV 1 t (not matched) = |.|>J -~ —— 2015 Data Pythia 8 multijets |
— 700E ~ Trimmed antik, R=1.0 3 wajes E a
» 600 =B Z+ets — K i
= = [ Syst. uncertainty - i i
GCJ 500 Exp. uncertainty = — 1 }
> = Mod. uncertainty 3 i * il
W 400= = - ol
S8 E 0.5 ]
200F- E i ]
100:_ _E : .l. ®e ..Oooolo\oo :
. 2 = 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
E 13 1.5
@ [l :
£ o5 . . . . e
a 0O 20 40 o0 80 100 120 140 160 180 200

JHEPO6 (2016) 093 Large-R jet m [GeV] 0'5(; 2'0 4I0 6IO 8I0 160

Trimmed Jet First k, Splitting Scale [GeV]
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Substructure Variables
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N-subjettiness ratio: [jHEP03 (2011) 015] 5 S — A L
2 0 12;CMS _
<+ :Sf'mw‘aﬁon Preliminary ]
The N-subjettiness describes how well the jet contains 0.1 150 < Mep, < 240 GeV b
. " FCA15, flatp_,m  —Top, ev, .
N or fewer subjets 1500, 260 —Tom 00 caT0 eV, 4%
0.08— ’ ---QCD, 200<p_ <300 GeV, 10% _|
i -+ QCD, 300<p,<470 GeV, 10% -
TN = d E Prie X mMin(0 R, 0Ray,. .. .0RNy) 0.065 F
! - SE ]
do = 2 prk X R 3 S A
2 0.04- i
The lower t_, =t /t,, the more 3-prong the jet is 0.02- =
C 5]
TR R P e i R R
T o A LA R I A A RS SR SRR R BE A = % 02 04 06 08 1
= - —e— Data 2015 ATLAS Freliminary = CMS-PAS-JME-15-002
= - 1 (top) {s=13TeV, 3.2 fb" . Ungroomed 1,/1,
e Trimmed Anti-k, R=1.0 = e e
if] - @ Single Top Top Selection, m_, > 100 GeV - S 900F e Data ' ' ATLA SI : =
EDD__E w + ]etﬁ- -JE‘t p]" > 35':' Ge"u" —_ d 800 : tE (matChed) -1 —:
- [EEE Other N ~ g gi;ng‘:;':;a;‘:hed) Ldt=2031f, Vs=8TeV 3
150 =3 Stat.  syst. uncert B 2 700 =3 wrets Trimmed anti-k, R=1.0 3
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: s : T oof o o iy é
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5 ] 400 =
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QJet volatility: [phys. Rev. Lett. 108 182003 (2012)] 5 04
< - Simulation Preliminary

. . oo . . 0.12-
Evaluation of the jet mass stability when the pair-clustering 7150 < mgp < 240 GeV
is randomly chosen. 0.1-CA15,flatp,m  _Top, 200¢p <300 GeV, 35% _|

.- e ee s . [<u>=20,25ns ~ — TOP, 300<p,<470 GeV, 45% 1

The probability to choose the pair ij is given by: 0.0 90D 20 M 1
(di' . dmin) C -

wij(a) = exp (—ﬂf jdmfn ) , with the rigidity a = 0.1 0.06[- _

After 50 re-clustering of the jet, the volatility is given by: 0.04" 7%,
o /Var(m)
- (m) -

CMS-PAS-JME-15-002

0.02] 17

1 | 1 1 1| = i
0.1 0.2 0.3 0.4 0.5

Q-jet volatility

subjet b-tagging:
Checking if one subjet is b-tagging is a good discriminating variable against QCD jets.
Specific b-tagging algorithms, efficient in dense boosted environment, are used.

In CMS, standard combined b-tagging (tracks + secondary vertex) applied to subjets
of a groomed large-R jet [cMs PAS JME-13-007]

In ATLAS: Multi-Variate b-tagger [aATL-PHYS-PUB-2014-014] USiNg dense-environment-robust
variables (variables associated to the primary vertex)
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Top-tagging in ATLAS

universitatbonn

From JHEP06 (2016) 093

tagger jet algorithm | grooming | radius parameter | prrange | |77] range
Tagger I-V
W' top tagger anti-k; trimming R=10 > 350 GeV <2
Shower Deconstruction
Shower Deconstruction C/A none R=12 > 350 GeV <2
HEPTopTagger C/A none R=1.5 > 200 GeV <2
Tagger | vd,, > 40 GeV
Tagger |l m > 100 GeV
Tagger llI m > 100 GeV && Vd,, > 40 GeV
Tagger IV m > 100 GeV && Vd,, > 40 GeV && Vd,, > 10 GeV
Tagger V m > 100 GeV && Vd,, > 40 GeV && Vd,, > 20 GeV

W' Top Tagger Vd,, >40 GeV && 0.4<1, <0.9&&T1,<0.65
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HEPTopTagger Iversit tbo'ml

HEPTopTagger: [JHEP 1010 (2010) 078]

The hard subjets are obtained from
Mass-drop + filtering algorithm:

. . apply ,
- Declustering of the large-R jet f:mrd sélhje;s topmess window
) . massdrop PR trai
-Subjets with low mass w.r.t.to e e ¥ omass constraint
parent's mass are excluded @
-iterateuntilm__ . <m
subjets cut : :

£
The W-mass constraint is based on ﬁ """" g % build A . ;ﬂhmwe
the dijet masses of the 3 subjets triplets top reclustering

candidate (3 subjets)

T P -
AT 4
HEPTopTagger v2: [arxiv:1503.05921] e 8 E
_"\k IIIII / :@ E 2
. () Qj \ % E
The procedure is done for all R, Ny O . &
from 1.5 tO 0.5 constituents
. triplet constituents of 5 hardest
R =smallest R withm(R )>0.8m(R=1r filtered subjets
opt opt/ T N e T T

ex re 9) .
AROP‘L‘ B ROPt pt(pT) i Ro|ot @é) OQ% 9

E £ % ’ :
X { Oy : /
£ ‘-\Qﬁ-&-" inclusive \‘\. max) 5 \\h“ A

-v--..l ------- =" reclustering g harf[lest subjets "‘“------[ -------

filtering T. Heck's thesis
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13 TeV 19.7 o™ (8 TeV)
. 012 I 197 (8TeV)
> “loms | ; L 2 0 cus ‘
< | Simulation Preliminary 4 1) the La rge'R C/ A 1.5 ]et IS g L Preliminary —4-Data
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0.0 1 2)allthe possible triplet of hard 54t % ]
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CMS Top Tagger
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CMS Top Tagger: [CMS-PAS-JME-13-007]

Decomposition algorithm:

1) Decluster the jets into the 2 subjets

2) the AR should be >D_,

3) if one of the two subjets is too
soft, it is discarded and the

procedure restarts with the
remaining subjet

The decomposition algorithm is
applied twice.

If < 3 subjets -> top-tagging fails

min(m_, m_, m_), N
127 23/

137 subjets’? mjets

are used as discriminative variables

Primary decomposition
- AR(AB) > .
® Cluster B adjacency * Cluster B
Decluster e criterion Clusters g
ﬁ .- L] q . ®
. = continue 4
B is too soft,
Aand B pass Remove it.
adjacency and
momentum Decluster
fraction criteria again
h h
Primary
decompaosition
succeeds
Secondary decomposition
3 final subjets
Individually A" and A™
decluster A agﬁteri; =
and B
q-
B and B are \ @ _ﬁ
too close

CMS-PAS-JME-13-007
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CMS TOp Tagger [CMS-PAS-JME-13-007]
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. L. . e 197 07 (8 TEV)
1) the large-R CA 0.8 jet is decomposed a first time 2 450F cms TS
(soft components are rejected, if too adjacent, the decomposition fails) % 400 F Preliminary ;Data 3
. ey . 2 iMC@NLO 3
2) the results of this decomposition is decomposed a 0L v
second time o50 L o]
. . . . . . 200 2 —TtPoheg E
3) several discriminating variables: min(m_, m, ng)’ 150,
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'] Ay 50 :_ _:
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AR(AB)> S T
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Shower Deconstruction: [Phys. Rev. D 87 054012]

1) Compute possible shower histories for signal and backgrounds (based on Sudakov form

factors and splitting functions)

signal backgrounds

2) Likelihood ratio X,

hower histor
ak R=t0 .~ shower history

..-....... . .,
3 wee K
R O \"* R O :
- - o . R
o O A S : H . O
. ‘s s H e %
*
.

::. “‘ . ‘ ‘.“'.. ______ .,~':'.‘ ________ . renss . P( :--*' | \//’) ]
{0 o o % s {0} OO % 1 P(..|Signal)
E : e o = Plow ::> = -)
. :Il: P ______ , XSD P( . | B kg d) cut on XSD

S
. »

.......

.......
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.......
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Shower Deconstruction ehys. rev. o 87 oss012;
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Designing Decorrelated Tagger
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Usual substructure variables are correlated to the mass, in a p_ depend way.

It leads to a sculpting of the mass for the background when cutting on a variable, which

leads to higher systematic uncertainties.

Defining new variables [jHEP 05 (2016) 156] with same discriminating power, but reducing the
systematic uncertainties based on theoretical considerations.

l_,‘_ | UL L L B | | | | ' /
Y 1.4— —— bkg, p, =300-400 GeV ] p = lt}g
- —— bkg, p, =500-600 GeV ]
1,2_— —— bkg, p, = 1000-1100 GeV—
- e sig, p, = 300-400 GeV .
i e sig, p, = 500-600 GeV |

m? )
pPTi

_____ sig,pT=1DDO-11ODGeV: neW Variable:

p~1GeV

slope from the

/ fit from the
bkgd curve

Toy =To/T1 — M x p

0.8 =
0.6 =
. « 30001 L L SR B BRI BN
0.4 - o - AKS, p_ = 300-400 GeV .
0.2 B o 2500 AKS, p_ = 500-600 GeV =
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LA R R R R S A A 2000 | T AKE, p, - 300-400 GeV raw E
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1500 " | =
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. — A RS
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500 | e i -
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oS RIS I T I T B o . .4
00 20 40 60 80 100 120 140 160 180 200
JHEP 05 (2016) 156 Myt (GeV)
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Very high luminosity
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MNormalized entries

Mormalized entries

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