Recent developments for the boosted technique
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What changes with a boost (high pT)?

Large energy at LHC will boost the heavy particles (W/Z/H/t)

ex.) To identify W/Z using 2 jets, with mjj=mW/mZ, starts to fail, as jets start overlapping

How much boost?
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it was considered as a problem, but now it can be considered as an advantage as we can

factorize the problem (combinatorial problem automatically solved).

We can actively use the situation as a technique : boosted technique




Boosted Objects for New Physics searches
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Null result for New Physics makes boosted techniques more important



automatically solves combinatorial problem
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Early “I+jets” candidate First boosted top quark  m,> 1 TeV
ATLAS-CONF-2010-063 ATLAS-CONF-2011-073 ATLAS-CONF-2011-083

How to distinguish QCD jet and jet initiated by heavy particles (W/Z/H/t)?



QCD Jet Is not massless(although quark is massless)

Non-Perturbative Resummation Fixed Order

jet mass would be different ?

~
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QCD calculations for jet mass distributions

(arbitrary units)
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1 TeV jet can easily acquire O(100GeV) mass, more effort required to distinguish




Jet substructure

Besides the mass, there are difference, obvious ones are:
QCD 1-prong W/Z/H 2-prong

The structure (radiation pattern) after the decay are anyway governed by QCD : soft-collinear

Lots of variables proposed, but they are correlated, categorized into 3 types

4 Grooming A 4 Mass drop A / N-subjettiness \

JHEP03(2011)015, JHEP02(2012)093
[J. Thaler, K-V Tilburg]
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to reject QCD soft-splitting to find non-QCD splitting to count non-QCD splitting




Jet substructure

Besides the mass, there are difference, obvious ones are:
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Grooming (Filtering, Triming

, Pruningmmpr,soft Drop)

/ Filtering

[J. M. Butterworth, A. R. Davison, M. Rubin, G. P. Salam|]

reduce effective jet area
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rejecting soft-splitting but keep collinear splittiny

keep subjets with

cut
Prj =27 Pr,J

/ Large R jet : jet mass easily affected by pile-up
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M a,SS d rop [J. M. Butterworth, A. R. Davison, M. Rubin, G. P. Salam]
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How to distinguish?
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N-subjettiness

JHEPO03(2011)015, JHEP02(2012)093 [Jesse Thaler, Ken Van Tilburg]

measure how close to N prong (small: close)
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JHEP 1010 (2010) 078

H E PTO pTagger Algorlth m [T. Plehn, M. Spannowsky, MT, D. Zerwa$

Top candidate

finding subjets via mass drops for filtered fat jets ~ _____ Make
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Cut on the 2d plane, efficiently tag tops while rejecting QCD BG jets
[J. L. Hewett, J. Shelton, M. Spannowsky, Tim M. P. Tait, and Michihisa Takeuchi Phys. Rev. D 84, 05400510 (2010)!078

[Tilman Plehn, Michael Spannowsky, Michihisa Takeuchi, JHEP 1208 (2012) 91
[Felix Kling, Tilman Plehn, Michihisa Takeuchi, Phys.Rev. D86 (2012) 094429



HEPTopTagger with 8 TeMata [ATHAS-CONF-2013-084]
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Importance of hadronic channel

|D. Goncalves, K. Sakurai, MT arXiv:1610.06179]

mono-top : large Emiss, large boost needed -> Top Tagging (HEPTopTagger)

another (and essential) advantage of hadronic mode | hadronic mode:
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hadronic mode sensitivity higher than leptonic mode
very generic statement with missing momentum
— the reason why fully hadronic mode set strongest limits, more true in future colliders



Recent developments

BOOST2018 (10th workshop, 16-20 July 2018, Paris)
https://indico.cern.ch/event/649482/

Boosted Objects for New Physics Searches (12-13 Nov 2018, Felmilab)
https://indico.cern.ch/event/750705/timetable/

Recent reviews |arXiv: 1709.04464, A. L. Larkoski, I. Moult, B. Nachman|
larXiv:1803.06991, L. Asquith. et. al.,



soft

Analytic computation/understanding

lots of jet shape variables have been computed using parton shower MC,
now most of grooming effects understood also analytically (LL resummation)

trimming, pruning, mMDT/soft drop

% cut 7 Trimming JHEP09(2013)029 [M. Dasgupta, A. Fregoso, S. Marzani, G. Salam|
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understood why difficult to distinguish q/g (only difference C/C 4 =4/9)

understood the correlations and why adding more variables don’t improve much
when the first emission is crucial (LL), 2-variables determine the splitting in (z,0) plane



Analytic computation/understanding

Lots of variables computed with NLL + NLO matched. Some with NNLL.

gluon jets (Pythia 6 MC)
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More precision achieved, understood where NP effects (hadronization) important



Even usable foras measurements

In the resummation region, the slope can be used to measure (XS
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Sensitivity can be ~ 10% for % mass uncertainty,
to be compared with 5% (LEP), or ~1% (Lattice/B-meson mass difference)

mass is not optimal, multiple angularities help to further sensitivity
|Les Houches 2017] arXiv:1803.07977
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Charged Particle Multiplicity

Non-perturbative effects (IRC non-safe)
infinitesimal splitting changes the number of charged particles

Running of the multiplicity can be perturbatively calculated (Like PDF)
One of the most precisely calculated jet variables NNLL matched to NNNLO.

i5 T —

25t I 1o
L A
- — -
- -
- p— -
- u® ——
o* - -
. - .-
- o -
— -
' — Y
-
204 S P
P -
_— -
-
.

7 - L A B By
Py g ATLAS =
10l /“,;f“ NNNLOapprox + NNLL1 ‘3 L (s =8TeV
,‘gl.‘ b l ....... _"--'-i-'—_‘ = 5 Lm =203
{‘4‘ I R i — - ‘____.A R
______ e I -

®  DELPHI -
a _gant m  OPAL 20
<ny> 3 M}:‘: - e  TASSO
o A TOPAZ
t A LO+NNLL : =
P o N Iip fRK_I ® Quark Jets (Data)
fof ,)’;: 5 Ay ¢ Gluon Jets (Data)
’:;;';" A ALEPH 0 Quark Jets (Pythia 8 AU2)
A , _ vooI3 © Gluon Jets (Pythia 8 AU2)
] arXiv:1209.5914 ® HRS ~ Quark Jets N'LO pQCD
[P. Bolzoni, B. A. Kniehl, A. V. Kotikoy] * “** 1 GIUOT Jets N'LO p?CD
0 " " 5 a 0 I " 2 " . . 3 . 2 " 3
0 50 100 150 200 500 1000 1500
Nl Jet P, [GeV]

The ratio of the mean charged particle multiplicity quark/gluon jets to approatFG 9/4!

the most powerful observables for quark/gluon discrimination



resolution

B=1
2

D

Track-assisted jets

Angular resolution of the particles in tracks are much better than calorimetry

Track Assisted Subjets (TAS) :

track-jets reconstructed by rescaling the momentum using calorimetry information
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Track Assisted Reclustered Subjets (TAR) : recluster the rescaled tracks
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track—jets . constructing jets only with charged particles would be enough for specific discriminations



Arbitrary units

Calorimetry-info importance

Nhan Tran’s talk at Felmilab (Nov.)
arXiv:1709.08705

Jet inputs:
Tracks only*

Tracks + y*
Tracks + y + neutral hadrons (all)

~— W, Al particies l \
W, Tracks+y \
1 0_3 W, Tracks \~-\
g, All particles O\
-+ @, Tracks+ -5 O
-~ @, Tracks \.‘ (W
10 ........................ ! K_.._‘_\;_
0 20 40 60 80 100 120 140
g 'E LI | PE
B — Tracks only, Al obs. A
T | — Trackse ==/
S — All panticles == J J
b -- Tracks only, Mancmy o s
8 0 Tracks+y =
§ [ - Alpartces ]
i - P -~ f
@ s if
[+1] / y
/ If
/ ,l"l
10 ? - /f /‘|
b / ' /
. /
[/ / Wvs. Z /
]‘ Perfect /
107 5TeV /
V. /

Arbitrary units

08 o8 1
Signal efficiency

01 —— W, All particles
s W, Tracks+y
W, Tracks
0.08 ---- @, All particles
- g, Tracks+y
g, Tracks
0.06
0.04 |
|
|
0.02| |
¥010203040506070809 1
Tﬂ-l
21

Neutrals very important

for mass discrimination

Less so for shapes...

Jet obs. inputs:
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Calorimetry-info importance  Nhan Tran’s talk at Felmilab (Nov.)
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Shape-based discrimination (q vs g), tracking information is sufficient

Need calorimetry for W vs q, even more so for W vs. Z

Neutral particle reconstruction performance (calorimetry) is a big deal for jet substructure
when mass is a key observable



H! Dbb (double b-tagging) cMS-PAS-BTV-15-002
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The first observation of Z! bb in the single jet topology CMS, PRL 120, 071802 (2018)

H! Dbb observed at 1.50 (0.7c0 expected)



H! Dbb (double b-tagging) cMS-PAS-BTV-15-002
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H! Dbb observed at 1.50 (0.7c0 expected)



double b-tag with deep learning

from Roman KoglerOs slide at Felmilab

Deep NN with L oof:MS Simul‘la{i?n P]re{ifwy?ary — I 129'16(1]3 TeV)
o, o . Q |
additional input w.r.t. Q | 300 < jetpr <2000 GeV
d b| b . . . 40 < jetmgp < 200 GeV
oubie- tagger' © ~ DeepDoubleBvL, AUC = 97.3% /"/
double-b, AUC = 91.3%
» 8 observables for up to £ "
o
50 charged PF cands. &
=

10"

» 2 observables for up
to 5 secondary vertices

Gain by factors of 4-10!

Physics we can learn?

Sensitivity to non-pert.
effects?

[CMS, DP-18-046]
| | | |

Same gain in data?
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machine learning/deep learning

Classibcation of jet Ravor by a single algorithm S. Conway, R. Bhaskar, R. D. Erbacher and J. Pilot, Phys. Rev. D 94 (2016),

Boosted Event Shape Tagger (BEST) [CMS, DP-17-027 [CMS, DP-18-04%
boost the jet into rest frames corresponding to hypothesis (t, W, Z, H).
compute angular distributions such as Fox-Wolfram moments or sphericity in each frame

=> fully connected neural network for simultaneous classibcation
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machine learning/deep learning

CMS Simudanon Preémnary (13 TeV) CMS Semuiaton Predminary (13 TeV)
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Classibcation of jet 3avor by a single algorithm

clearly separate 5 Ravors (light, t, W, Z, H) at once



Jet Images

|J. Cogan, M. Kagan, E. Strauss, A. Schwartzman, JHEP02(2015)118]

Image recognition : commonly solved using convolutional neural networks (CNNSs).

the weights to be learned are arranged in convolutional kernels applied to different parts of the image.

Top tagging viewed as image recognition task
by equating the energy deposits in the calorimeters with the pixels of a grayscale image

b

only have little impact on the performance

0-

5l w I [G. Kasieczka, T. Plehn, M. Russell and T. Schell, JHEP 1705 (2017) 006.
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machine learning/deep learning

I [G. Kasieczka, T. Plehn, M. Russell and T. Schell, JHEP 1705 (2017;
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performance of the two approaches is comparable
proper top reconstruction, multivariate hypothesis testing, data-based machine learning



machine learning/deep learning

Top tagging with Lorentz LaygiDeepTopLoLa)

take list of the 4-momenta as inputs

ko ko2 ko,n
(ki) = kiq1 k12 k1N
g k2q1 ko2 -+ kon
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If diagonal metric is allowed to learn,

g = diag( 0.99 £ 0.02,
—~1.01 £0.01, -1.01 £ 0.02, —-0.99 + 0.02)

because mass drop is crucial

for 4-momenta lists,!

adding tracking-info straight forward
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| [Anja Butter, G. Kasieczka, T. Plehn, M. Russell, SciPost Phys. 5 (2018) no.3, 028[arXiv:1707
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DeepTop LolLa outperform the image based (only calorimetry), or QCD based taggers,

especially at high pT



Summary

Boosted objects ubiquitous at LHC, and more in future

boost automatically solve combinatorial problem (factorization)
boosted regime, where New Physics appears

hadronic mode sensitivity higher than leptonic mode (with missing momentum)

Recent developments

Based on QCD, radiation pattern governed by 1/z, 1/0
Analytical/precise understanding of lots of variables
grooming behaviors, UE is reduced by grooming

quark/gluon separation

precision: LL, NLL, NNLL, ..., matched with LO, NLO, NNLO...
IR-safe ! Sdakov safe ({ 35, D 5), even IR-unsafe (charged multiplicity)
H! bb (double b-tag)

Pile-up mitigation: calo-jets ! track-jets ! calo-jets

for jet shape, track-info is enough, but for mass, calorimetry-info is crucial

Cut based ! MVA (BDT)! Machine Learning (Deep Learning)



Backup



Constituent Subtraction :

Low pT ghost particles are added to the event to remove the effect of pileup

at constituent level.

If pri > P

otherwise:

g
Pri — PT,i — P7 k>
pr . — 0 GeV;

g g
Prx — P1x — PT,i;
Pr.i — 0 GeV,



Track Assisted Jet Mass  reswwonsse

¥The angular spread of a jet ~ 1/p

corrects for the charged

¥:or su!l icient boost spread is comparable to calorimeter granularity. 0 neutral Ructuation.
¥Tracking Information can be used to maintain performance
beyond granularity limit. TA psal rack
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resolution

B=1
2

D

track-jets

Constructing jets only with charged particles
Angular resolution of the particles are much better than calorimetry

Track Assisted Subjets (TAS)
Track Assisted Reclustered Subjets (TAS)
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boost helps for compressed spectra at LHC/100 TeV

EWkino search with compressed spectra JHEP 1310 (2013) 190B. Gori, . Jung, L-T. Wang]
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For the same trigger ISR jet pT, BG is more boosted
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H ad rO n IC C h an n e I |D. Goncalves, K. Sakurai, MT arXiv:1610.06179]

large Emiss, large boost needed -> Top Tagging (HEPTopTagger)

top-tagged jet

MET

fi i
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. . 2 04f
obvious advantage of hadronic mode 5
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