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Abstract: <p>With the increase of the center-of-mass energy from 8 TeV<br>
to 13 TeV for LHC Run 2, the probability for boosted topologies will<br>
become even higher than in Run 1. This also comes with a large<br>
increase in pileup from the increased luminosity. This talk<br>

investigates the state of the art of boosted algorithms and grooming<br>
techniques, addresses shortcomings and possible improvements, and<br>
discusses hot-topic items that will be interesting early on in Run 2.</p>
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* I'm a member of CMS, so for lack of time | will focus there

— Instead of “motivation, theory, experimental work™ | will
present the field as a whole (but not everything)

— May seem a little chaotic, but there is a lot of cross-feed!

I’'m also an experimentalist, so | cannot always answer all

theory questions but will attempt as best as | can

There are a huge plethora of things to present. | will
present those that form a bit of a coherent story that is
now well-understood
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Run 2 Is Upon Us!

o of the cirowty sfer Warted on September 10 e will (otinge (Rl earty 7013
You L Rl el the bt of g steps o the

http://hcc.web.cern.ch/hcce/

17 March 2015

Pirsa: 15030100 Page 3/82



Run 2 Is Upon Us!
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Run 2 Is Upon Us!
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“Holistic” approach to reconstruction
at CMS: Particle flow!
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Run 2:1s Upon Us!

SIMFILLO00559: Livetime/Downtime (Stable Beam only)

« CMS happily taking cosmic-ray data
« Turning on the magnet Thursday
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Run 2-Is Upon Us!

#RestartLHC
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Run 2-Is Upon Us!

| il |
#RestartLHC
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Is Naturalness a Thing?

* Is mH =125 GeV an accident or a necessity?
— Hierarchy problem
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Is Naturalness a Thing?

* The search is on...
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Is Naturalness a Thing?

* Note : This isn't a doom-and-gloom talk

« We did discover something awesome, so we still have
something to keep us busy for ~20 years

« About “naturalness”, remember Stephen Crane :

17 March 2015

A man said to the universe:

“Sir, I exist!”

“However,” replied the universe,
“The fact has not created in me
A sense of obligation.”
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* Note : This isn't a doom-and-gloom tallk
* We did discaover ‘.-,-IJ|III:||IH1‘} awesome, so we still have
something to keep s busy for ~20 ye:

* Ahout "naturalness”, remember Stephen Crane

A man said to the universe

Sir, [ exist!”

“However," replied the universe,
“The fact has not created in me
A sense ol obligation
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Assume Naturalness is a Thing

The space of natural solutions to the hierarchy problem is
enormous

| will not focus on most of it
— All interesting, aII difficult, and all may bear fruit
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« Today is about models that result in particles with high
Lorentz boosts

— “High Lorentz boost” means v = E/m > 2

-
¥
0
<
e
T
-
0
m

17 March 2015

Pirsa: 15030100 Page 18/82



directions

olectron
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Heavy resonances and vector-like quarks

Example :

Agashe, Belyaev, Krupovnickas, Perez Virzi
Phys.Rev. D77 (2008) 015003

Extra-dimenstonal

Lots of kinematics,some boosted!

Example
J. Alwall, P. Schuster, N, Toro

Phys.Rev. D79 (2009) 075020

M=2TeV =

Ytop 7 51 TYw ~ 13
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LHC : All about that boost!

Tevatron [LHC

Increase E from 8 TeV to 13 TeV :
2.4 times higher fraction of
SM boosted tops!

800k tops in 1 fb-1
10k boosted tops in 1 fb-1

! ' A '
"J,..(l -_'“I' > v§/d) / //_
/ :

*

L Opiggs(My = 150 GeV) ™ : 1 104
/ . | #DoubleTheEnergyDoubleTheFun

Opiggs(Myy = 500 GeV) /
siil MEEMEPEPRPITTIOY [ A
0.1 |

vs (TeV)
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‘Bout - That Boost

' cmsTopTagPFJetsCHS

10" Physics/ B2G

Summary Sample:

10° 15 coMPARISONS RELVALASKKGLUON MI000aEY_13

® succuss: 88.7% (13) Auni and Run2:
o FAILE 13,3% (2) 4 2
«1
Releases:
® CMBSW 7 4 0 pw)-MCAUN2 73 VBvI
& CMESW T 4 0 ped-MCAUN2 T3 VT¥
Statistical Test (Pvalue threshold):
® CHI2 (1e-08)

oubleTheFun

 sinneou A R il 0N

T (Boosted tops are in our DQM)
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‘Bout - That Boost
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‘Bout - That Boost

Very active research field

Some of the tools developed
Jot Declustering | for boosted W/Z/H/top

201 3 Soymouras reconstruction

YSplitter | Jet Shapes |

Matrix-Elemen |
l t ement ATLASTopTagger

Mass-Drop+Filter

JHTopTagger Planar Flow
Templates

CMSTopTagger Pruning

YHmkhing CoM N-subjettiness (Kim)

HEPTopTagger

(+ dipolarity) N-subjettiness (TvT)

Shower Deconstruction Multi=variate tagger

Qjots

apologies for omitted taggers, arguable links, etc.

17 March 2015 Slide from Gavin Salam
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‘Bout - That Boost

V/H tagging

19.7 ' (B TeV)

cMSs

™ Pradminary
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N-subjettiness ratio /v, 2:
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HEP Top Tagger aiiin |t

HEP + v /r, + subjet b-tag %

2
3]
o
o
]
8
]
=

i

i acL
Matched parton 1 CMS WPO & HEP WPO « « Subjet | QGL

5 —— -+ Subjet2Q0L
P, > 800 GeV/c . CMS Comb. WPy yep comb, WP1 Q‘;J’cﬂmm

CMS Comb. WP2
HEP Comb, WP2

' L I I I A |
0 0102 03 04 05 06 0.7 CMS Comb. WP3 ™ :
Top Tag Efficiency CMS Comb. WP4 A HEP Comb, WP3

That's a lotta taggers.
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Jet Analytics

* First need to understand jet mass

Finite-size

effects from
At NLO : cutoff

Scales ~linearly
Log. divergence with momentum

at low mass \
Py

<Mf’> =W \/;

NLO —

Pi\ T2 o
g ( 5 )ijz,

uv.4

Good prediction
of jet data from MC

-

0.3f Rough idea from NLO doesn't
[ capture Sudokov peak.
M5 1 do P P
Pl o d i 0.2}
PPt P;=500 GeV/e

01

P,=1500 GeV'je
0.0

0.00 0.05 0.10 0.15 0.20

S.D. Ellis, J. Huston, K. Hatakeyama,
P. Loch, M. Tonnesmann,
Prog.Part.Nucl.Phys. 60 (2008)
484-551

T VT T T T T [—‘ T T T

5%» '_
} .

"'T:." ; [(‘mVl}

JHEP 1305 (2013) 090
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plodo / dp

Jet Anal

ytics

* First need to understand jet mass

p do
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Salam, JHEP 1309
(2013) 029,
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Slide from G. Soyez
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Jet Grooming

Trimming

Remove coft
cubjets

—

Filtering

Pruning

Redo clustenng
remove coft
large angie
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Jet Grooming

« Synopsis : They All Work.

CMS L=5fb"at Vs=7TeV, AK7 Dlje‘tS |

Filtered data RECO
Filtered PYTHIA6, Z2 RECO
Filtered PYTHIAG, Z2 GEN
Trimmed data RECO
Trimmed PYTHIAG, Z2 RECO
« Trimmed PYTHIAG, Z2 GEN
Pruned data RECO
Pruned PYTHIAG6, Z2 RECO
« Pruned PYTHIAG, Z2 GEN

LA L

Q
—

£
Q
©
o]
@)
-
Q.
I
E
[}
e
O
=
(]

0.1 0.2 03 04 05 06 07 08 09

Groom
Mg/ Mg
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Jet Grooming Analytics

« What are groomers doing?

Lund
kinematic
diagram

In k,

~In z0
soft collinear
region

uoIS2I 2[3ue—a3e| 1Jos

large y ~ In 1/0 small M. Dasgupta, A. Fregoso, S.
angles angles Marzani, and G. P. Salam,
JHEP 1309 (2013) 029,

17 March 2015
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Jet Grooming Analytics

« What are groomers doing?

Pz I° I'rimming P<Z 0 P Pruning : mMDT

o

&

v &
s

Inl/0 Inl1/06

M. Dasgupta, A. Fregoso, S.
Marzani, and G. P. Salam,
JHEP 1309 (2013) 029,
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Jet Grooming Analytics

« What are groomers doing?
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Jet Grooming Analytics

« What are groomers doing?

Pz I° I'rimming P<Z 0 P Pruning : mMDT

o

&

v &
s

Inl/0 Inl1/06

M. Dasgupta, A. Fregoso, S.
Marzani, and G. P. Salam,
JHEP 1309 (2013) 029,
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Jet Grooming Analytics

« Understanding gained from jet analytics even gives new
and better ways to groom and tag!

Soft Soft-Collinear

I

Y -
ay
e

0g
A

Note : y-axis now 1/previous

A. Larkoski, S. Marzani, G.
Soyez, J. Thaler JHEP 1405
(2014) 146

Soft drop : “simple” behavior in this plane,

18 Rt e with tunable parameter for many algorithms!
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Jet Grooming Analytics

. Sbft drop :
— Undo last stage of C/A clustering, label subjets j1,j2

=4 |
min(pr1, pr2) (Al?u ) &
> Zeut
PT1 T P12 R

then j is soft dropped
else redefine | to be the harder, and iterate

— Recovers (modified) mass drop BDRS tagger for
beta=0

- This case always removes soft radiation entirely
(hence the name)

17 March 2015
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Jet Grooming Analytics

. Sbft drop :
— Undo last stage of C/A clustering, label subjets j1,j2
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Jet Grooming Analytics : New W/Z Tagging!

« First tests in data already done!

« Will be default W/Z/H-tagging
algorithm in CMS Run 2

Pruning $ “Iat. e

CMS Preliminary, 1951b ans 8Tev Wopv b -t B=0 b f=2
T p o = ; i =2

-t{ D Single Top signal ; signal

200 100 W 4 : "’
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Jet Analytics

* First need to understand jet mass

ydo agCp 1 3 Ay 1_ 313140
e P40 L sCr (L3 -t E(n21-3mit+o(1))
o dp T p 4

)
me
2 120

p; R

quark jets (Pythia 6 MC) Analytics
m [(

il Starting to understand jet structure!$

plain jet mass
Trimmer (z.,0.08, R,,x=0.3)
Pruner (.01

- == - MDT (¥u=0.09, u=0.67)

p=
Slide from G. Soyez

plain jet mass
01 ":.i L} ]
= Pruner @0
., "= .= = MDT 19, =0 00, =0 87|

plodo / dp

Dasgupta, A. Fregoso, & . s

S. Marzani, and G. P. } 001 0.1
Salam, JHEP 1309 2. 2 2
(2013) 029, p=mip: )
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Jet Grooming Analytics : New W/Z Tagging!
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Top Tagging Analytics : Shower Deconstruction

Make “microjets” out of CA jet constituents
Keep at most 9 microjets with pt > ptmin

Approximate probability for observed particles to satisfy a
“signal-like” shower, or a “background-like” shower

Construct likelihood and compare

Soper and Spannowsky :
Phys.Rev. D84 (2011) 074002

Coming soon for CMS!
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Other Analytics

« Can also look into n-subjettiness, energy correlation

functions

Pythia8, parton

(ax)
( 1

ECF (2,a)

ECF (2, o) EC I‘j“' a) A. Larkoski, S. Marzani, G,
ECF (1, ) Soyez, J. Thaler,JHEP 1405

(2014) 146

ECF (0,a) = 1,
ECF (1,«a) -

> pris

1€ jot

5 (An,, )
pPripPrj ’ .

i<j€Ejet ff“

Analytic

plain jet
— Pa2
- —— p=1
3=0

B=-0.5

R=1, p;>3 TeV
"'cut"o‘l

- ’

0 Tl A NP

T

i Ifallin jet dashed: one em.
e E=2 solid: mult. em.
. —— B=1
=0
pB=-0.5 /.-

R=1, p;>3 TeV
z1:‘u1"0 1

10% 10° 10*
c?
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Bottoms in Boosted Jets

« Calibrate with gluon splitting to b-bbar
» Excellent performance by b-tagging subjets!

dap {3 o
T CMS Simulation Preliminary,\s = 8 TeV

 Jtheherh ittt ettt L e it ;
CAR=0.8, 300<p <500 GeV/c 1

75<m,, <135 GeV/c” (pruned)

E  Multijet sample —— Data
(Double-muon- and 2:3:::
double-b-tagged CA8S jets) I uds quark or gluon
b from gluon splitting -
i . Fat jet CSV

Subjet CSV

<

X Loose

probability (QCD)

> Medium
w Tight

TIT[TVIT[TIRT T IITT[ AT T OITT

o
n

. -

bt Tyt + .{‘l{.. } }

01 02 03 04 05 06 07 08 09 1
.-\R(sublel!.subjel,,) inn-0 plane

Misidentification

10%0.10.20.30.405 0.6 0.7 0.8 0.9 1
b-tagging efficiency (H(120)—bb)
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LHC : Luminosity and Pileup

CMS Average Pileup, pp, 2012, .'s = 8 TeV
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=
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: Luminosity and Pileup

CMS Average P
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LHC : Luminosity and Pileup

- HL-LHC Pileup

Run 3 Lumi

profile.
Run 1 Lumi

profile.
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New Pileup Mitigation Techniques

'Run 1 : Set the baseline

Removal of
. PU tracks
(irnmmng (CHS., JVF)

Shape discrimination
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New Pileup Mitigation Techniques

+ Run 2 : Kick it up a notch

Removal of
) PU tracks
Orooming  (CHS, JVF)

Constituent subtraction
Shape discrimination

; ; Soft Killer
Cleansing
Neutral-to-charged

proportionality Pileup Per Particle 1D
— _ _ S (PUPPI)
area-median LMC14, Pythia8
NDC CHS events, m=0
constituents R=0.4, p>20 GeV
cleansing

soft killer : From pileup mitigation
il workshop at CERN

5 -4 3 -2 - 0 1 2
17 March 2015 (Apy) (GeV)
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New Pileup Mitigation Techniques

« Compare mass resolution

CMS simulation Preliminary

arbitrary units

17 March 2015
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« Compare mass resolution

CMS  Simulation Preliminary
I I ' 1 l I

RS Graviton — WW, Anti-kT (R=0.8) = PF
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