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* Substructure
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* Top quark taggers

(No pileup discussions today)
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Motivation

» To study QCD partons : need
jets!

* Need to associate jets to
individual partons (quarks or
gluons)

» Traditionally : 1-to-1 matching of
jets to partons

9-July 2015 3



Chs,

e Problem! For boosted case
cannot use this assumption!

e Have to consider cases where
partons merge into a single jet /

13 June 2011
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® Relativistic kinematics of boosted objects

p/f — (Elap—i)

pH = (Eam
012

pg — (E27p—é)

m® = 2(E1Ey — pi - p3)

m2 — 2E1E2(1 — COS 912)

EQ
m? = 21— costy)
2
m
Qﬁ = (1 — cos 012)
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¢ Small angle approximation for theta :
2

2% = (1 — cosf2)
2 2 2
zm_ (1-(1 ‘912) _ 075
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Motivation

e | imiting cases:

Small angle Full expression

T 2 m2
(912 — QE — ; 2@ — (1 — COS 912)

highly Lorentz boosted

O —_—
—
2 < moderately Lorentz boosted

SRS
RN

at rest : back to back
(use full expression again)
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e Now can quantify when 1-
to-1 parton-jet assignment
breaks down!

912:2

T
Ly

¢ [f theta required to be
> (0.8, you throw away
events with
gamma > 2.5

Inadvertently place a maximum E cut!
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Motivation

e Can see this in analyses
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Motivation

Subj Subjet 2
Subjet 1, ;-
pt . 206.00 /\ pt = 562.50
eta = -0.203 : e':? = (2)?811
phi =-1.965 phi = -2.101 Subiet3
pt =270.70
eta=0.156
Top jet phi = -2.095
pt=109042
eta = -0.020

phi =-2.082
mass = 234.5,

CMS
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Y
— |
CMS Experiment at LHC, CERN /
Data recorded: Wed Aug 15 20:21:18 2012 CEST {

Run/Event: 200991 / 5660
Lumi section: 1
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 Motivation

-»- Jet Algorithms
» Substructure

* Analytics
 W/Z/H taggers
* Top quark taggers
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A little QCD

» Let’s take it from the top:
— QCD has these vertices:

1., X,
Y D \8’) /A;{\
o)
o) ‘er O
\\Q §
%,
e, \0%‘ fbb
&)
O00000 \275765650\
») O
AR
b -
S "o
'%4)/( [GG‘ 2?‘\
Jr*') ./6\) O(}\

— An evolution of a QCD final state should therefore
mostly have the first two, but in reverse (1->2)
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* Pairwise examination of input 4-
vectors I

« Calculate 1 g

d;; = min(kj;, ,J)ARZ /| R

 Also find the “beam distance”

 Find min of all dij and d 3 4
— If min is a dij, merge and iterate
— If min is a d,, classify as a final /

jet

 Continue until list is exhausted

9-July 2015 13



 Different types
— N =2: °kT” o pe L BS——

“QCD in reverse”
—N=0:
“Cambridge-
Aachen” (CA)

« Distance only,
irreqular, very

useful for
substructure!
— N =-2: "anti-kT” o =
’ Idea_l'zed cone arXiv:0802.1189v2 [hep-ph]
algOrlth m Cacciari, Salam, Soyez
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* Top quark taggers
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Jet Substructure

» Let’s go back to the QCD jet... what e
happens if there’s a particle with -
mass > 0 at a vertex? Wf

— Different kinematics
— Invariant mass of constituents is > 0 l

— The clustering sequence has
specific features that relate to mass

scales Z ="

9-July 2015 19



Jet Substructure

010 = 2

m —_
E
e Massive particles:

- Wider-angle splittings

- Symmetric splittings

eQCD Jets: m ~ O
-Many low-angle splittings i
- Asymmetric splittings

9-July 2015 20



LET ME 'SPLAIN...NO,

THERE IS TO0 MUCH...
i

w"{ «

iy

.\.

LET ME'SUM UP.
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.

@] History of Jet Substructure and Boosted Jet Tools

\ery active research field

Some of the tools developed
for boosted W/Z/H/top
reconstruction

Jet Declustering

2013

Seymour93

YSplitter Jet Shapes

Matrix—Element

Mass-Drop+Filter ATLASTopTagger
JHTopTagger T™W Planar Flow
Templates
CMSTopTagger Pruning
Trimming CoM N-subijettiness (Kim) ACF
HEPTopTagger
(.|. dipo'anty) N—SUbjettineSS (TVT)
Shower Deconstruction Multi-variate tagger
Qjets
apologies for omitted taggers, arguable links, etc.
Gavin Salam (CERN) Jet substructure @ CMS substructure workshop, April 2013 3
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201 5 Jet Declustering reconstructlon

Seymour93

YSplitter Jet Shapes

Matrix—-Element ATLASTopTagger

Mass-Drop+Filter

|Analytics |

Mass 2

JHTopTagger T™W Planar Flow

Templates
CMSTopTagger

a Soft drop

Pruning

=] Fimming

CoM N-subijettiness (Kim) ACF

HEPTopTagger
(+ dipolarity) /\l—subjettiness (TvT)

N-subjettiness
An g u |a r|t| esS Shower Deconstruction Multi-variate tagger

Qjets

apologies for omitted taggers, arguable links, etc.

Gavin Salam (CERN) Jet substructure @ CMS substructure workshop, April 2013 3
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Jet Grooming

Trimming

Pruning

Redo clustenng
remove soft
arge angle
conctituents
ﬁ q
9-July 2015 24




Outline

 Motivation
» Jet Algorithms
o Substructure

=D+ Analytics

 W/Z/H taggers
* Top quark taggers
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Jet -Analytics

* Major advances recently in first-principles analytic
calculations of jet properties

— Overhauled understanding of what these techniques are
actually doing
— Allowed a formation of “theoretically sound” techniques

— Informing decisions for the experiments!

9-July 2015 26



Jet ‘Analytics

* First need to understand jet mass

Finite-size

effects from
At NLO : cutoff

Scales “inearly Good prediction

Log. divergence with momentum
atlow mass of jet data from MC
M2 ~ 6 p_'] QY ZE p2 R2 . CMS, L=5fb"at s =7 TeV, Ungroomed AK7 Dijets
J NLO o ﬁ S 2 J ’ > 10 uS\;lsJulLMI«u:m'D'Iou:lﬂ;or\tmn: I .T....'Mrﬂw:c-‘!n:no;) s I S ]
. 10° O 220 300 OeV(x W 8 0. 4% 0V x 10 0 4% . %00 GeV (x W) A 500600 OaV(x W0O°
uv.% T T T T ﬁ A S00.EDOV(X10% ¥V B00. 000V (x10%) V1000 1500 OeV (x 10"
o<
i Rough idea from NLO doesn’t PR
0.3 g v
=1 | 1 v It o 2T PUN
M21 do capture Sudokov peak. ) ML 3 o it Miades - N
J e | ~ L St o ST . “r 2 — v
P3 o d M3 0.2} ] " SO 4 o, . o v_:"!‘
R o S . | S [ 1 ] P Ay W A -
P Pr=500 GeVjc M 0ty T Mg v
O By N
01 - w_." *0-;0% vo.‘“ ----- A
!t ".t'. "‘;n‘;‘m “".
P;=1500 GeV/c ‘o 8 - ¥
0'0.A...A....-.AA...--.A. o:“ - .
0.00 0.05 0.10 0.15 0.20 0.25 e I "
. -
I‘/’2 e £
—{ 100 11111111114L1‘iLxl;xx.itl |
p3 0 50 100 150 200 2:3% 300
(GeV)
J
S.D. Ellis, J. Huston, K. Hatakeyama,
P. Loch, M. Tonnesmann, JHEP 1305 (2013) 090
Prog.Part.Nucl.Phys. 60 (2008) 27

484-551



Jet -Analytics

s CMS, L 5 fb” at \s-7TeV Flltered AK7 Dijets
10 | B B I_l 1 l_' 1

etmsucnu ncomlmy 1otal Umorulnty ------ HERWIG4++, Tune 23

> 5
'_8 10 © 220-30GeVix10") W 300-420GeV{x10) O 4%0-500 GeV (x 107 A 500-600 GaV(x 10
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Filtered Jets
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Jet -Analytics
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Jet -Analytics

1gp CMS, L=5 fb'at vs =7 TeV, Pruned AK7 Dijets

Statistical Uncortainty [ Total Uncertainty © wueeas HERWIG4+. Tune 23
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= "v"'""v'"y“""V’W"#“v“v~.v~.Y...Y...V.

3 !TSO"‘
B
1 0 o ‘..~."“".'.""‘.Q‘

W”X"-‘*w

.“Lvou. S—
v v "MVH-”-.:"

nEL TV
‘ ’ s‘”‘ﬁdqﬁ Arn
- Ao 4
4‘
Y

‘.
-

"‘1-‘-; vi — —
¥ ;Rzm"‘ﬁx s

102
10
b3 0

1 &5
107" |

107
1079 |
104

5 : :
10 "

10-6 lllllllllllillltulll
0 50 100 150 200 250 300

mAYG (GeV)

30



Jet -Analytics

—_ e s
| @ - a - . -
OO.OZS—A.',-LAS s 2010D ta.jL 3Bpb’
O|E : anti-k, R=1.0 Systematic unc. -
olg - 300 < p, < 400 GeV Total une. ]
b 0.02Ney = 1, Iyl <2 — Pytia :
0.015
0.01|
0.005|
0
1.8
S16
D 1_4 ..........
S 12
=08
0.6
0.4 :
o N .
D 20 40 60 80 100 120 140 160 180 200

Jet mass [GeV]
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Jet -Analytics

» Take-home message : QCD MC is basically getting the
right answer (some better than others)

* Why is that?

9-July 2015 32



Jet ‘Analytics

* First need to understand jet mass

, agC
i1 I do asCp 1 3 — —5-E (1112 l—% In l—|—O(1))
AN\ IR — —— 11'1_ _— e i P
o dp T 0
2
e’
P = 5155 .
pr R Slide from G. Soyez
quark jets (Pythia 6 MC) Ana |ytics
m [GeV], for p; = 3 TeV, R=1 analytics quark jets: m [GeV], for p, = 3 TeV
10 100 1000 10 100 1000
L B B e e
03 F plain jet mass 41 plain jet mass
------ Trimmer (z.,=0.05. R,,=0.3) | eesees Trimmer (z,=01.R,,=02) ;
- = = Pruner (=01 ' « = =  Pruner (z,=01
- w— = MDT (y_ =009, =067 02 b === MDT 008 u-0e7 E
© 02 F N (=3
g °
S =
s 8
= =
0.1 0.1
0 ™= Dasgupta, A. Fregoso,
10 S. Marzani, and G. P.

Salam, JHEP 1309 ' 33
(2013) 029,



Jet ‘Analytics

* First need to understand jet mass

do o,Cp 1 3\ _osCr()21_3),1
At “NLL” - B_ ~ 8 F In— — 2 ), o (ln 55 In +O(1))
o dp T 17
o ’m2
T a2 R2 .
pr R Slide from G. Soyez
quark jets (Pythla 6 MC) Ana |ytiCS

3 TeV

03 F plain jet mass

plain jet mass
------ Trimmer (z.,=0.05. R,,=0.3) | eesees Trimmer (z,=01.R,,=02)
' = = =  Pruner =01 ‘ « = =  Pruner (z,=0
w— = MDT (y_ =009, =067 02 b === MDT 008 ueoe7 -

o
N
T
1

p/odo/dp

plo do /dp

0.1 0.1
0 o*
g Dasgupta, A. Fregoso,

S. Marzani, and G. P. § . .
Salam, JHEP 1309 2, 2.2 34
(2013) 029, -




Jet Grooming Analytics

 What are groomers doing?

Lund
kinematic
diagram

In kt
~In z0

soft co]linear
region

uoI3aI J[3ue—a3Ie| 1JOS

large y ~ In1/6 small M. Dasgupta, A. Fregoso, S.
angles angles Marzani, and G. P. Salam,

JHEP 1309 (2013) 029,
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Jet Grooming Analytics

Inl/6

9-July 2015

p<z cut p fat

Pruning

Inz0

M. Dasgupta, A. Fregoso, S.
Marzani, and G. P. Salam,

JHEP 1309 (2013) 029,




Jet Grooming Analytics

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

‘ l Soft Soft-Collinear
2

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,
with tunable parameter for many algorithms!

9-July 2015



Jet Grooming Analytics

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

then | 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)

9-July 2015 38



Substructure Variables

* A plethora of variables to choose from :
— N-subjettiness :
HbJetl T](Vﬁ) = Zpﬂ- min {Rii, Rg,z-, el R]’i,-,z-}
i

— Energy correlation function

ECF(N,8)= ) (ﬁ Ez> (Iﬁl ﬁ oibz-c)ﬁ

11<i19<...<iNy€J \a=1 b=1 c=b+1

— Mass drop (mass of heaviest subjet
over mass of jet)

— Subjet momentum balance (or subjet
asymmetr
4 Y) AR(j,,j»)

my
9-July 2015 39
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Substructure Variables

» Can also look into n-subjettiness, energy correlation

functions ci® = ECF (2, @) ECF (0,0) A. Larkoski, S. Marzani, G.
ECF (1, a)? Soyez, J. Thaler,JHEP 1405
(2014) 146
ECF (0,a) = 1,
ECF(I (l) = Z Pri
i€jet
AR x
wer o) = 32 prons(%52)
1<) glet
Pythia8, parton Analytic
0-25 L) L) '] L) 1 '[. L) . Ll " L) L] 'l L) L] 'l L T 0-25 L) T l’l L) L) 'l .' ) L) l] T T l' L} T ll 1 LI §
plain jet —— plain jet dashed: one em.
— PB=2 — B=2 solid: mult. em.
0.2 b — B=1 - 02 — =0 —_
& ——— B=-0.5 o — B=-05
O O
15 | - 15 | -
3 015 R=1, p>3 TeV 3 015 R=1, p>3 TeV
© © 2.4=0.1
o b
& 01} - & 01 -
O O
0.05 |- - 0.05 —
0 1 A TR A A 0’ (A1 TR A Zaf AT AT Y BN TR N X
10% 10° 10* 10° 102 10" 10° 10% 10° 10* 10° 102 107 10°
c@ c®@
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Outline

* Motivation

» Jet Algorithms
» Substructure
* Analytics

=+ \W/Z/H taggers
* Top quark taggers
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W/Z/H Tagging

« CMS : pruned jet mass  ATLAS : filtered jet mass

window and 2-jettiness window and asymmetry cut

CMS Preliminary, 19.5fb"at \s =8 TeV, W— u v (7)) T T T rrr] FfrTyvyjrrvr e
/'\500,_[_[!lIllllIlllllllllllIIIIIIIIIIIIIIIIIIIIIIJ_‘ .Q—) 0.3,_ ATLASPrellmlnary anti'kljetSWithR=1.0 —
% : . tt *E‘ | |s=8TeV L,.=20.1fb" Trimmed ]
Q) - L C m™™M<1.2 [ tt (POWHEG) i
O . WW/wz/zz ©0.25 200<p™™<350Gev  HER W+jets .

— 400 — g : B Single Top
- ° dat% ) = i B Z+jets )
‘g - . - 0.2+ Bl Stat. Uncertainty -
() - —— data fit . 5 i —e— Data i
01 3001 | - = - K.S. = 0.698 .
I | | 015__ -
i | i :
200 } 0.1 .
0.05}- -

100 :
% 1 1‘;1 ] | l-‘
50 100 150 200 250 300

M e S

40 50 60 70 80 90 100 110 120 130 Jet Mass [GeV]
pruned jet mass (GeV)

ATL-PHYS-PUB-2014-004
CMS-JME-13-006
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W/Z/H Tagging

 CMS moving to soft drop instead of pruning

9-July 2015
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Outline

* Motivation

» Jet Algorithms
» Substructure
* Analytics
 W/Z/H taggers

=»>. Top quark taggers
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— Phys.Rev.Lett. 101 (2008)
142001

— Break up cluster sequence
to get three or four subjets

— Impose top and W mass
 Top mass ~ jet mass

W mass ~ min pairwise
mass

R R e i D e et D el e A D kS

HEP top tagger

— Break up cluster sequence
to get three or four subjets

— Impose “Dalitz-like” cuts
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-
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Top Tagging
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Top Tagging : JHU/CMS  JECISETIIIEERs SRTE L um

i CMS Top Tagger i
Tagger - Madgreph L :
. CAR=0.8 l<2.4 Bl semi-Leptonic tf -
~ pr>400 GeV/c . Fully-Leptonic tt |

—

60

—

P00 150 200 250 300 350
m,, (GeV/c?)

CMS Preliminary Vs = 8 TeV, 19.7 fb"
L L L L A

CMS Preliminary Vs =8 TeV, 19.7 fb’
BN IR T

"3900 CMS Top Tagger - ; "UE) E CMS Top 'Il'alglglell' IIIII o E
G>) 800 Madgraph ¢ Data E g) 120 Madgraph ¢ Data —
T CA R=0.8 l<2.4 B semi-Leptonic i - 111 - CA R=0.8 hi<2.4 B semi-Leptonic i ]
;gg p,>400 GeV/c B Fuly-Leptonic i — 100 [ P>400 GeVie [ Fully-Leptonic -

é 80| =

500 E - i

400 3 601 E

300 E 400 .

200 3 : :

100 £ 20¢ E
P TR B - [ T I

0 1 2 3 4 5 6 OO 20 40 60 80 100120140160180

9-Ju Number of Subjets Minimum Pairwise Mass (GeV/c?)



Top Tagging : N-subjettiness
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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
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Excitement?
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Public Service Annhouncement

CMS CMS

Careful checks!

Compact Muon Solenoid
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