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Jet substructure for boosted objects
Tagging and grooming

Standard vs analytic approach
Analytic approach to top tagging
Results for QCD and signal jets
Challenges and prospects
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Jet substructure and boosted
objects

XAT REST BOOSTED X

Key idea : for tagging a particle with mass M exploit boosted
regime i.e. Pt >>M
M2

2 __
"= prz(1 — 2)

Hadronic decays reconstructed in single “fat” jet.
Use our knowledge of QCD jets to distinguish this
from background.
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-~ Jets from QCD vs boosted heavy
particles

What jet do we have
here?




- Jets from QCD vs boosted heavy

particles

A gluon jet ?
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Jets from QCD vs boosted heavy
particles

A quark jet ?
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Jets from QCD vs boosted heavy
particles

AW/ZIH 7?
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Jets from QCD vs boosted heavy
particles

A top quark?

Source: An ATLAS boosted top
candidate

The boosted regime
implies a change in
paradigm in that jets
can be more than
quarks and gluons.

But how can we tell?
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Is the jet mass a clue?

| | |
2 | Z+jet
Z+W (x20)

% 1.5 F LHC14, Pythia8 —
Q Z—up
o anti-kt(R=0.8)
= 1 p>400 GeV
=
S
@)
© 0.5

O ‘
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jet mass m [GeV]

Looking at jet mass is not enough!
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Substructure as a clue

Exploit the asymmetric nature of QCD splittings. Produce jets
with single hard core or prong versus 2 pronged W/Z/H and 3
pronged t.

« Colour singlet nature of W/Z/H suppressing soft large angle
radiation.
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Taggers

There are two main ideas:

ldea 1 |dea 2:
Find N = 2.3 hard cores Constrain radiation patterns
S T
Works because different splitting Works because different colours
QCD jets: P(z) x 1/z Radiation pattern is different for
= dominated by soft emissions @ colourless W — qg
= “single” hard core @ coloured g — qg )

Taggers try and exploit the above differences.
But we also need jet grooming.
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Jet grooming

One usually work with large-R jets (R ~ 0.8 — 1.5)
= large sensitivity to UE (and pileup)

0.09 | —— T T T 0.012 T T T T T
0.08 | . W, noUE ------ i q/g’ noUE ------
' . W, UE —— 0.01 } q/g, UE ——
'7; 0.07 LHC14, Pythiag | '7: LHC14, Pythia8
8 0.06 " anti-kt(R=1),p;>400 GeV - 8 0.008 |- anti-kt{(R=1),p;>400 GeV —
= 005 | " 1 =
= : E 0006 _
= 0.04 " - =
% : % 0.004
z 0.03 " z .
- 0.02 - " 7] - 0.002 i
0.01 - . )
0 - N ] ! 0 L1 ] 1 | 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300

jet mass m [GeV] iet mass m [GeV]

Grooming : removal of soft uncorrelated
radiation.
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An early method : Y-splitter
E;
/ e
E

Decluster a jet into 2 subjets using the kt distance measure

Ask for a cut forcing prongs to be more “symmetric’ i.e.a’Y

configuration
t,1,2_7 - min(E;, E;) > Yeut  OR min(E;, E;) > Zeut
m; maX(Ei, EJ) E; + Ej

Tag jet if passes cut or discard

Note : no grooming involved
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Mass-drop (MDT) and filtering
2,40l (@) e =
Fosea, (L) S
o~ Butterworth
g Davison Rubin and
] Salam 2008

TT T TT

°a 20 40 B0 B0 100 120 140 160 180 20
Mass (GaV)

« Main motivation for current extensive applications came from
BDRS Higgs studies for pp — VH, H — bb

« Signal significance of 4.5 ¢ in previously hopeless channel.

Grooming and tagging built into mass-drop. Filtering is
pure groomer. Relevant only at moderate p;
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The tagging goldrush

Some ot the tools developed
for boosted W/Z/H/tor
reconstruction

Jet Declustering

Seymour93

YSplitter Jet Shapes

Matrix—-Element

Mass-Drop+Filter ATLASTopTagger
JHTopTagger ™ Planar Flow
Templates
CMSTopTagger Pruning
Trimming CoM N-subjettiness (Kim) ACF
HEPTopTagger
(+ dipolarity) N-subjettiness (TvT)

Lots of tools in short time. But still only a couple
of principles. Opens up several questions.



y
er

The Universit
of Manchest

MANCHESTER

1824

Performance

[Boost 2011 proceedings|

Sherpa 1.3.1 — anti-k:(R=0.1) jets, p; > 200 GeV

epg fraction of
QCD jets
tagged
1

o'}

ATLAS
CMS
— HEP

JH
— NSub
- Pruned
107 | - TW
Trimmed

Background mis-tag
=
o

0.1 0.2 0.3 0.4 0.5 0.6 07 .
Signal efficiency €s fractlon of

tan iets taocoed

MC studies carried out for fixed parameter
settings. Don’t give a feel for dependence
on parameters and interplay with p;
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Combinations

[Boost 2013 WG]
W v. g jets: combination of “2-core finder" + “radiation constraint”

’ p=1
o g — g‘pﬂ - l"11 . S
& % “‘m — Mmmgr,
L I“plun Mgy et m— =2 m+r21
- — m+; — m4+C, - m+C 5 Cﬁl:g
) My, MM m+m,,&,1, n‘;n_'r‘mgﬂ "
107 = _ll:msd 1.¥21 &1 §1
. " ¢ gy 1 M T, M 1 &B"
: Lramls 1;mmf; o, +C 21
3" g e %T “‘md' %L?“ My
102+ | g sd oy sd 3_1 §_1 n%”&
= = g§'1+ im _2"'mmmut g‘ "'mprun
H i gLl -+ g 5 Mmat
! s 1 7 CE-2+mprun CE-z‘f"%é “““ ﬁ_z mu r °1°*+ L]
}-} i/ Ay I giet*Mpmat L gjertMorun == L, Qlot"'"z:ci """ L ojet"'m?g_ .
10.3 3 ) P IR = Myt My it rrltrlm"'mpl‘[lilr'l My +M n#‘:" ) rnfllm“-mﬁg
0 02 04 06 08 _1 Mot Mt~ Mo Mg
sig MountMgy —— Mgy +msd — allvars

Combinations help but details far from
obvious.
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Analytical approach
quark jets (Pythia 6 MC)
m [GeV], for p,= 3 TeV, R=1
10 100 1000 €~
03| — plainjetma;ss l _ \\
Physical mass for
s 02 3 TeV, R=1 jets
E :
15
< p ~ Rescaled mass?

01 f
(i.e. the QCD variable)

“0° ¢ 00l o1 1; j 1 do 1 Cias In <R2pg>

2, 22
p=m7p; RY) <
O'dm? m? Tt m?

» Based on trying to understand taggers using
pQCD

* We have a multiscale problem with p, >> m,

* The key tool here is resummation.
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Analytical understanding

quark jets (Pythia 6 MC)
m [GeV], for p; = 3 TeV, R=1
10 100 1000

m [GeV], forpy= 3 TeV, R = 1
10 100

Monte Carlo

m [GeV], forp,= 3 TeV, R = 1
1000

T
plain jet mass

p AN
ﬁ-nﬁ'-mf RO"‘;)‘ o " ‘ o 10:: mz,(pf R(;.)01 B "

« Established analytical understanding of substructure and tools
for W/Z/H decays.

» Revealed factors influencing performance.

 Revealed undesirable tagger features. Taggers can be worse
than doing nothing to jet.

* Led to new tools with better properties.
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5 New tools from analytics

2 ©

=

=5 Two distinct types:
mMDT uses CA declustering. Ym-splitter uses gen-kt (p=1/2) i.e.
Recurses through jet until finds mass declustering and examines 15t
splitting with min(E;, £;) emission only.

> Ccut

B+ E;
o Descended from Y-splitter. Add
Descendent of MDT grooming to improve performance
The same as SoftDrop

for 5=
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MMDT versus Ym-splitter

Methods coincide at leading order.
Reduce background by eliminating
large log in m/p;

Beyond LO constrain emissions
differently.
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- mMDT/SoftDrop vs Ym-splitter
=
&3 P<Zgy mMDT
.=
Large Sudakov
suppression
0
In1/6 log(1/6)
do™MPT g 1 Cras 1 1 do Y TPIr Opayg 1 Cras, o1
pd_; - I;' ln Ccut CXp 1= 1;‘ ln Ccut ln,; pd_p B I:T n cut P [_ ;T 1n2 :;]
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Performance

Analytic Calculation: quark jets

m [GeV], for p;=3TeV,R=1 Signal significance with gluon bkgds.
0.2 P s 0 — Y-split-+Trimming (fou = Yout = 0.1, Borien = 0.3)
mMDT You=0.03 —— 10 F —.— Trimming (., = 0.05, Ry = 0.3) ]
You=0.13 — — = - = mMDT (yeu = 0.11, 4 = 0.67)
Yout=0.35 (some finite y ) — - — = - = Yesplitter (yeu = 0.1)
ot out 8F e Y-pruned (zew = 0.1)
Q
ES] — — - Pruned (zq = 0.1) .
3 3, MD, Powling
o] ~ e e H
2 R Siodmok 2016
41
1 2t r__’:’:.%:-__-—-z.:‘_-.-""'ﬂf_.———: '''''''
2, 2 02 -
=m?(p? R : . - . .
P (P ) ) 500 1000 1500 2000 2500 3000
pr [GeV]

* Ym-splitter needs to be supplemented by grooming to improve
signal efficiency.

» Gives important performance gains relative to other methods due
to Sudakov for W/Z/H.

« mMDT less performant but more robust. Can give flat background
and has much lower NP effects (10% compared to 40%).
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Analytics for top taggers

« Want to identify the main relevant physics effects.
Start with the CMS tagger and Y-splitter (used in
early ATLAS top tagger).

CMS-PAS-JME-09-001, CMS-PAS-JME-13-007
ATL-COM-PHYS-2008-001

« CMS tagger descends from JH top tagger.

Kaplan, Rehermann, Schwartz and Tweedie 2008

« Both CMS tagger and Y-splitter offer ways of
identifying three prongs relevant to top decays.
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CMS top tagger

Primary Decomposition

1

« Perform a C/A de-clustering of the jet and find
two prongs.

* Use condition pP*"® > (... p, Where P¢is jet
rather than local p:
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CMS top tagger

Secondary decomposition

A

2

« Decluster both primary prongs in the
same way.

 End up with 2, 3, or 4 prongs.

« Select 3 or 4 prong cases as top
candidates.

A
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Selecting 3 prongs from 4

CMS tagger selects
three hardest objects
say A,B,C.

Imposes an m;,
condition

¢ 1l mABymBC7mCA) > Miin

This method is
collinear unsafe!
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CMS tagger with angular cut

Original CMS tagger suffers from collinear
unsafety CMS-PAS-JME-09-001

A later version introduces an angular cut in

addition to the Ceut

CMS-PAS-JME-13-007
ARij > 0.4 — Apr

with A = 0.0004 GeV-'. Cuts off collinear
divergence but vanishes at 1 TeV.
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Modified taggers

IRC unsafe tagger may not be reliable so create
modified tools

« CMS3emass finglly selects only the larger
iInvariant mass de-clustering.This restores

collinear safety with no AR
MD, Guzzi, Rawling, Soyez
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Modified taggers
Another method : TopSplitter g/'of}sGuzzi, Rawling, Soyez

Take not largest angle emission but emission that
“‘dominates prong mass” as product of declustering.

k1 k2 k3 k4
gg £§91>92>93>94
Z1 > Ccut
Follow hardest braimh and go all the way down C/A tree to
find largest pt € emission.
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« Uses gen-kt (p=1/2) algorithm for de-
clustering. Equivalent to mass ordering in

soft limit. o
MD, Guzzi, Rawling, Soyez

2018
 Not recursive but continue to use Ceut

: s  Consider prong with
larger gen-kt value as
) . declustered if Ccut
passes.
P Also needs grooming

MD, Powling, Schunk, Soyez 2016
MD, Powling, Siodmok 2015
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Analytics for QCD jets

We calculate jet mass distribution after
application of taggers.

Define
2 m2 :
m
_ and — LA
p ,Omln 2 2
p7R? Tl
do | |
Compute —— for fixed pmm and related

quantities. dp
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Analytics for QCD jets
With m ~ m,and m_,, ~ m,, at high p;:

: :> Resum
P> Pmin 1<< 1 large logs

L,=In->1
Iy

Also we have no strong ordering in these
masses.
and Ccut N 005 L,Oapmin >> LC
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Two real emissions to pass the tagger so starts
with @) ( ) For simplicity take limit © >> Pmin

soft strong-ordered

Compare to QCD jet

5 1
; Reduced

> background

after tagging.



MANCHESTER
1824

ity

The Universit
of Manchester

o, 1

But In ——, In —— are not too large.
Pmin cut

Need to lift strong ordering and soft approx.

=)

1
2 In P
C cut  Pmin

EgM -

Standard LO DGLAP
or PS evolution

Sln

Triple collinear limit for QCD jet

&2

fx@(l)

TSI

Triple collinear
splitting functions
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All orders

m@@%

 Beyond leading order : constraints on real
emissions arise from £ and Pmin conditions.

———> Sudakov form factors

e Qur resummation accuracy is modified LL. Resums

all double logs L ny2n-1

p

e Counts lnl,lni,l L2
p

n Y
Pmin Ccut Pmin

all on same footing

« Also includes NLL effects from running coupling
and hard collinear emissions.
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Results

General form:

do _ /dq)g P Qg (ktl) s (kt2) @jet@tagger 5 (P _

'Od—p $%55 2w 2T

» Prefactor computed using triple-collinear splitting
functions and phase space
» Convoluted with a Sudakov form factor accounting for
all leading log terms
* Running coupling and hard-collinear effects included
« Matching of Sudakov to triple-collinear phase space.
 Aims to be as accurate as triple-collinear result at
LO and reproduce all leading-log terms beyond.

Campbell and Glover 1997, Catani and Grazzini 1998

s123
pi R?

)xe_R
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Results and comparisons to PS

TopSplitter mMDT+Y,-splitter Ym-splitter
! | | 0.08 I I T | 0.08
no Sudakov : no Sudakov

0.07 A\-Ye A dos just R(p) - 0.07 ook idog just R(p) == - 0.07

0.08

l noI Sudallov
------ é just R(p) .
¢ only primary
full Sudakov —

¢ only primary ¢ only primary :
full Sudakov - 0.06 full Sudakov - 0.06 e i b B

50 Gev

H
0.06 {1

Mmin

: : : Pythla ----- : :
RS R — R J 0.05 [N\t e\ ] 0.05 i XN
¢ Teut=0.05, 150<m<225 GeV ¢ Qeut=0.05, 150<m<225 GeV

e s=131TeV, P2 TeV ] 0.04 [t N\ \ V= 13TeY, 32 Tev |

005 H H H H
¢ Qeur=0.05, 150<m<225 GeV

0.04 0.04 [ NP\ o e Vs=13TeV, pi>2 TeV

p/o do/dp
p/o do/dp
p/o da/dp

0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Mmin [GeV] Mmin [GeV] Mmin [GeV]

MD, Guzzi, Rawling, Soyez. Preliminary

* Plots reflect that resummation of In P terms

does matter Pmin
 Inclusion of secondary emissions important at
small m_,;,
* QOverall a good agreement with PS.
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Tagger comparisons for QCD jets

Pythiasg.230 (quark jet) analytic (quark jet)
T T T 0.07 T T

0.07

T T T
TopSplitter (CMS)
MMDT+Y ,-splitter

T T T
CMS (default)
CMS3P = =

— 006 F\

0.06 : . . -
: TopSplitter SD+Y-splitter
: mMMDT+Y,-splitter Ym-splitter

0.05 SD+Y,-splitter ] 0.05 - e

_ Ym—split_ter : : : : :

0.04 =
[aa] [aa]
w w
0.03 = 0.03 -
’ 150 < m < 225 GeV ) 150 < m < 225 GeV
. Gcut=0.05 . Qeut=0.05
0.01 R SR 1 0.01 [ R A
parton level :
0 i i i i : | o i i i
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Mmin [GeV] Mmin [GeV]

MD, Guzzi, Rawling and Soyez, 2018

 MC and analytics agree on comparative performance

* Y., splitter best at suppressing QCD jets

« CMS and variants are basically identical for performance

« Groomed Y, splitter comparable with CMS. Differences largely
due to secondary emissions.
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Pythiag.230 (top v. quark jet) analytic (top v. quark jet)

0.1 T T T . 0.1 T T T T

[ —¥— CMS (default) 1 I —@— TopSp litter (CMS)

[ =mO= cms?® ’ ] [ —ll— mMDT+Y-splitter
0.05 - —@— T li 0.05 - —d— SD+Y,-splitter

[ —fll— mMDT+Y,-splitter 1 [ =—%— Yp-splitter

| =—de— SD+Yp,-splitter E F

—W— Ym-splitter /

0.02 /

/ s ’[ ///‘
0.01 | . 0.01 | .
F pe>2000 GeV [ // eV ]
0.005 L 150 < m < 225 GeV | 0.005 | r 150 < m < 225 GeV |
Lui=0.05 / Tewi=0.05

I / partoﬁf level | F 1

0.002 L 0.002
0 01 02 03 04 05 06 0 01 02 032 04 05 06

MD, Guzzi, Rawling, Soyez. 2018

« For W/Z/H decays impact on background key to final
performance. Taggers like Y-splitter are high-
performance owing to large Sudakov

* For coloured top this is not the case due to signal
Sudakov suppression. Also analysed signal jets with a
basic Sudakov. Groomed Y-splitter comparable to CMS
and variants.
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Conclusions

« A first analytic study of aspects of top taggers carried out.
« Shows analytic control over basic features

« Large Sudakov effects not necessarily desirable and hurt
signal efficiency.

« CMS tagger become potentially unsafe at high p,
Potentially harmful for precision studies. Easy to design
safe variants with no change in performance.

* Plan to investigate combinations with jet shape variables
like 732 as next step.
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BACK UP MATERIAL
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Analytic Calculation: quark jets Analytic Calculation: quark jets
m [GeV], forp; =3 TeV, R =1 m [GeV], for p;=3 TeV,R =1
10 100 1000 10 100 1000
02 T T T 03 T T T
mMDT You=0.03 —— Trimming
Your=0-13 — — - 0.25 | .
Yeut=0-35 (some finite yyy) = « = Reup=0-3, 26,=0.05
Rsup=0.3, Zgy=0.1 = — =
0.2 .
g §
b ~
© 8 015 -=q
= 2
< 0.1
0.05 |
1 0 ' 1 L L L
10 107 001 01 1

p = m?/(pf R

« Traditional approach : Construct taggers on simple
intuitive ideas. Leave details to MC studies. Lots of
freedom to create many new tools.

« Analytical approach : Worry about details. Get main
physics principles. Then construct optimal tools.

MD, Fregoso, Marzani and Salam 2013
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Results

k1 ko
v ) exp[—R]

2

« The key differences between taggers come from the Sudakov.
* Y, -splitter has a plain jet mass double log Sudakov in /02

« TopSplitter and safe variants of CMS have an mMDT style single-log
Sudakov

« mMDT/SoftDrop grooming + Y -splitter inherits grooming Sudakov
structure. wmD, Fregoso, Marzani and Salam 2013. Larkoski, Marzani, Thaler and Soyez 2014.
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g - BDT top Vs=13 TeV ]
— | Shower Deconstruction anti-k, R=1.0 jets, ™"l <2.0 i
~ e 2-var optimised tagger Trimmed (f  =0.05 R, =0.2)

C 10° 4 HEPTopTagger vi ptT""th = [1500, 2000] GeV —
2 S Ty MP™ > 60 GeV TP tagging E
8 - ]
> | Top ]
2 o

>

(@)

— ..
(@)

¥
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m 10
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Signal efficiency ()

Figure from talk by N.Norjoharuddin on behalf of
ATLAS, Boost 2017



