Theoretical Advances
in Jet Substructure

Jesse Thaler
HIT
“Stress-testing the Standard Model at the LHC”, KITP — May 23,2016

Jesse Thaler — Theoretical Advances in Jet Substructure



Jesse Thaler — Theoretical Advances in Jet Substructure

Events / 100 GeV

Significance

10°

10

107"

QLW

[
N

[ATLAS, 1506.00962]

RS BELEE R T IV T S T Cha LI R (T T T
= ATLAS —e— Data =
SN 4 == Background model =}
[ \s=8TeV, 203167 T O MW =1
e 2.0 TeVEGM W', c =1 =
B ——25TeVEGMW', c=1 2]
L —— Significance (stat) —
g I Significance (stat + syst) 3
- WZ Selection .
I | —|-N | r——]
:_l.lll‘ll .l. L I 1 L 1 lllll L I 1 L ! 1 r:
1.5 2.5 3 3.5
m; [TeV]



[ATLAS-CONF-2015-073]

103 L L L L L L BN AL R
ATLAS Preliminary —e— Data 2015
\s=13TeV, 3.2fb™ —— Fit bkg estimation

Fit exp. stats error

10°

WZ selection

Events/100 GeV

10

P
I_I

;

Pull

1000 1200 1400 1600 1800 2000 2200 2400
m, TGeV]

Jesse Thaler — Theoretical Advances in Jet Substructure



[ATLAS-CONF-2015-073]

> 103 = 1T T+ 1T T T T T T T T T T T
& E ATLAS Preliminary —e— Data 2015 3
S 102 ~ {s=13TeV,3.21b" —— Fit bkg estimation |
% ; Fit exp. stats error E
4ac_; a WZ selection _
Lﬁ 10 E— _E
1 -
| i
S
o

1000 1200 1400 1600 1800 2000 2200 2400
m, TGeV]

Simple discriminant requires new calculational techniques
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Outline

Substructure from First Principles

_E Probing the Core of QCD

Back to the Future
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Substructure from First Principles
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Key Substructure Techniques |
WI/Z-Tagging @ CMS

[JME-14-002, CMS-PAS-EXO-15-002]
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First-Principles Calculations!?

e.g. Jet Trimming

extensively
used by ATLAS

Initial jet . p"T/p',;'t < feut Trimmed jet

[Krohn, JDT,Wang, 0912.1342; diagram from ATLAS, 1306.4945]
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First-Principles Calculations!?

e.g. Jet Trimming
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Recent Analytic Progress

Combination of fixed-order, direct resummation, SCET, RG evolution,
and new techniques (e.g. Sudakov safety, multi-differential projections)

Jet mass: Dasgupta, Khelifa-Kerfa, Marzani, Spannowsky, 1207.1640; Chien, Kelley, Schwartz, Zhu, 1208.0010;
Jouttenus, Stewart, Tackmann, Waalewijn, 1302.0846
Jet shapes: Ellis,Vermilion,Walsh, Hornig, Lee, 1001.0014; Banfi, Dasgupta, Khelifa-Kerfa, Marzani, 1004.3483;

Li, Li,Yuan, |1 107.4535; Larkoski, Neill, JDT, 1401.2158; Hornig, Makris, Mehen, 1601.01319

Angular scaling: Jankowiak, Larkoski, 1201.2688; Larkoski, 1207.1437

Quarks vs. gluons: Larkoski, Salam, JDT,1305.0007; Larkoski, JDT, Waalewijn, 1408.3122;
| -Prong: é——) Bhattacherjee, Mukhopadhyay, Nojiri, Sakaki, Webber, 1501.04794
QCD grooming: Dasgupta, Fregoso, Marzani, Salam, 1307.0007; Dasgupta, Fregoso, Marzani, Powling, 1307.001 3;

Larkoski, Marzani, Soyez, JDT, 1402.2657; Frye, Larkoski, Schwartz,Yan, 1603.06375, 1603.09338
Double differential: Larkoski, JDT, 1307.1699; Larkoski, Moult, Neill,1401.4458; Procura,Waalewijn, Zeune, 1410.6483 l

In heavy ions: Chien,Vitey, 1405.4293; Chien, 1411.0741
pt balance: Larkoski, Marzani, |DT,1502.01719
Small R jets: Dasgupta, Dreyer, Salam, Soyez, 1411.5182, 1602.01110

See Andrew’s Talk

Jet charge: Krohn, Schwartz, Lin,Waalewijn, 1209.242 | ;Waalewijn, 1209.3019
Track-only shapes: Chang, Procura, JDT, Waalewijn, 1303.6637, 1306.6630

& “
. Signal grooming: Rubin, 1002.4557; Dasgupta, Powling, Siodmok, 1503.01088
2_P|~ong N . 2-prong jet shapes: Feige, Schwartz, Stewart, DT, 1204.3898; Isaacson, Li, Li, Yuan, 1505.06368
. Separation power: Larkoski, Moult, Neill, 1409.6298, 1507.03018; Dasgupta, Schunk, Soyez, 1512.00516
) ': Planar flow: Field, Gur-Ari, Kosower, Mannelli, Perez, 1212.2106
3-prong: —FN : Fractional jets: Bertolini,JDT, Walsh, 1501.01965
\ : Power counting: Larkoski, Moult, Neill, [411.0665

Jesse Thaler — Theoretical Advances in Jet Substructure 10



The Power of Power Counting
Energy correlation functions for WIZ tagging
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[Larkoski, Moult, Neill, 1409.6298,1507.03018; using Larkoski, Salam, JDT, 1305.0007; see also Banfi, Salam, Zanderighi, hep-ph/0407286; Jankowiak, Larkoski, | 104.1646]
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The Power of Power Counting
Energy correlation functions for WIZ tagging
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Quarks vs. Gluons?
Tagging with Les Houches Angularity

LHA =) 2/0;

e'e” = quarks (CF=4/3) VS. e'e” — gluons (Ca = 3)
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Factor of 2 differences in tagging performance
Need for precision calculations and revisiting final state parton shower

[Soyez, |DT, Freytsis, Gras, Kar, Lonnblad, Platzer, Siodmok, Skands, Soper, in 1605.04692]
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_E Probing the Core of QCD
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W/ Z Tagging with BDRS

Angular-ordered
clustering tree:

[Butterworth, Davison, Rubin, Salam, 0802.2470; see also Dasgupta, Fregoso, Marzani, Salam, 1307.0007]
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WI/Z Tagging with BDRS

Groomed
angular-ordered
clustering tree:

[Butterworth, Davison, Rubin, Salam, 0802.2470; see also Dasgupta, Fregoso, Marzani, Salam, 1307.0007]
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WI/Z Tagging with BDRS
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o Nz
Calculating Momentum Balance!? '—:Egizj@g

. Calculable
Collinear Unsafe order-by-order in

| }
p(zg) p(zg|0y)

Z
> 7, 11 Vs, @ — © e,

[Larkoski, JDT, 1307.1699; Larkoski, Marzani, |DT, 1502.01719]
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o : Nz
Calculating Momentum Balance!? '—:Egizj@g

Calculable
order-by-order in s
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[Larkoski, JDT, 1307.1699; Larkoski, Marzani, |DT, 1502.01719]
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o : Nz
Calculating Momentum Balance!? '—:Egizj@g
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Sudakov Safe order-by-order in X
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Soft Drop

e First-Principles QCD
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[Larkoski, Marzani, JDT, 1502.01719; using techniques in Dasgupta, Fregoso, Marzani, Salam, 1307.0007; Larkoski, JDT, 1307.1699; Larkoski, Marzani, Soyez, |DT, 1402.2657]
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Soft Drop

e First-Principles QCD
: 1 Zg 8 (et
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[Larkoski, Marzani, JDT, 1502.01719; using techniques in Dasgupta, Fregoso, Marzani, Salam, 1307.0007; Larkoski, JDT, 1307.1699; Larkoski, Marzani, Soyez, |DT, 1402.2657]
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Soft Drop Fiict

Principles QCD

1 T T |
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[Larkoski, Marzani, JDT, 1502.01719; using techniques in Dasgupta, Fregoso, Marzani, Salam, 1307.0007; Larkoski, JDT, 1307.1699; Larkoski, Marzani, Soyez, |DT, 1402.2657]
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Soft Drop First

Principles QCD

: —— —
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B>0

p— o

[Larkoski, Marzani, JDT, 1502.01719; using techniques in Dasgupta, Fregoso, Marzani, Salam, 1307.0007; Larkoski, JDT, 1307.1699; Larkoski, Marzani, Soyez, |DT, 1402.2657]
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First-Principles QCD
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Simulated LHC Data
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[Larkoski, Marzani, |DT, 1502.01719; using Larkoski, JDT, 1307.1699]
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First-Principles QCD

Zg distributions
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Back to the Future
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New calculational technique to extend
validity of perturbative quantum field theory

p(zg) :/degp(eg)p(zﬂ%)

Connections to old ideas?
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|. Version of PS/ME Matching ?_EEI;%.Z;I%

=PS =ME
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1 1
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v

SC'L' 1 z sCi 1
p(2g) = 4/ O‘ﬁ S XD [ log Cut} erfc [ aﬁﬁ_ log min[chut,ng]}

w2 et — ) (B=0)

NOorim 24

[Larkoski, Marzani, |DT, 1502.01719; using Larkoski, DT, 1307.1699; Larkoski, Marzani, Soyez, |DT, 1402.2657]
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. . Nz
2. Renormalization Group Flow '—:E(;ﬁzg

Absorb singularities into universal
nonperturbative function (cf. PDFs)

Collinear Unsafe?

d_g _ ( fragmentation ) n Oés( collinear ) + O(a?)

dz, function singularities
~— absorb —

.0 &,

’ 2. (o) = Fii0)

UV fixed point

[Larkoski, Marzani, DT, 1502.01719]
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Generalized Fragmentation Functions

e.g.Weighted Jet Charge...
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WEIGHTED CHARGE Qy(p)

[Feynman, Field, 1978]

...on Firm Theoretical Ground

d

% Z /dQl dQ2 dz ’Yq;?(za 1)
J

X Dj (Ql, K, /L)Da(ij) (QZ) K, ,LL)
x 0]Q — 2"Q1 — (1 — 2)"Q2]

[ATLAS-CONF-2013-086]
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[Krohn, Schwartz, Lin,Waalewijn, 1209.2421; Waalewijn, 1209.3019]
[see also Chang, Procura, |DT,Waalewijn, 1303.6637, 1306.6630; Larkoski, DT, Waalewijn, 1408.3122]
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3. Learning from our Elders

thrust - i
axis >"’<( (P ambiguous
e+ - € e 9
. i . :
E AR : h g
............ : J/ /-—~—<‘ p well-defined
" @ o’ .
21 do o (@°
21 22 1+ 0(a, (@) + T+ (103 - 2)cos2e
0

L Born cross section despite ambiguity (!)

Exploits generalized notion of “observable”

[Pi, Jaffe, Low, 1978; Kramer, Schierholz, Willrodt, 1978]
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Summary

Substructure from First Principles

Growing catalog of observables, growing toolbox of approaches

. — +  Probing the Core of QCD
—E\ Exposing the universal singularity structure of gauge theories

Back to the Future
Old/new ways to extend validity of perturbative quantum field theory
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CMS Experiment at LHC, CERN

Data recorded: Sun Jul 12 07:25:11 2015 CEST
Run/Event: 251562 / 111132974
Lumi section: 122

Orbit/Crossing: 31722792 / 2253

Compact Muon Solenoid

[CMS, 1506.03062]
[using Kaplan, Rehermann, Schwartz, Tweedie, 0806.0848; using Ellis,Vermilion, Walsh, 0903.5081,0912.0033]
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CMS Experiment at LHC, CERN

Data recorded: Sun Jul 12 07:25:11 2015 CEST
Run/Event: 251562 / 111132974

Lumi section: 122

Orbit/Crossing: 31722792 | 2253

Compact Muon Solenoid

CMS PreliminarvT 19.7 fb: Vs=8 TevV

B e Data

I tt (MADGRAPH)
I w+dets

L INTMY

Bl Z+jets

[ Single Top

'"Type 2'
N Top Candidates

Events / (10 GeV)

100 200 300 400 500 600
Reconstructed Top Quark Mass [GeV]

[CMS, 1506.03062]
[using Kaplan, Rehermann, Schwartz, Tweedie, 0806.0848; using Ellis,Vermilion, Walsh, 0903.5081,0912.0033]
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Welcome to the Boosted Regime

. [CMS, 1506.03062] 19.7 fb-1 (8 TeV)
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|73 GeV++

125 GeV

80/91 GeV

4.2 GeV++

.3 GeV++

|00 MeV++

0++
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Textbook QCD: Universal Collinear Limit

Splitting Function

2—n 2 n—| | =2

dé
APk = 5 dz Py k(%)

—

Collinear Altarelli-Parisi
singularity splitting function
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Textbook QCD: Universal Collinear Limit

Splitting Function

2—n 2 n—| | =2

200, df d
For this talk: f666§> dP;_;q = a C -

i
C,=4/3 7T .9”2’.
C,=3 T

Collinear Soft
singularity singularity
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QCD Splitting Functions

Basis for DGLAP evolution of PDFs, parton shower generators, fixed-order subtractions, k; jet clustering...

Jet Substructure Discrimination

z distribution
2 ‘ ‘ 2
OCD emission | —7
! Splitting Function
decay
(unpolarized) | =7
0

0 0.1 0.2 0.3 0.4 0.5
V4
[Gavin Salam FCC talk, March 2015]

QCYSCidH dz
L HllZ 1

Collinear Soft
singularity singularity
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. w1 Zg
Calculating Momentum Balance!? Lbe=iils,

-------
-------------

do

— = ( undefined ) + CVS( infinity ) + Ckg( inﬁnityz ) T
dz,

> 12

AN N
[ R (R
&L @g
l\ -
> o
L |
LI ]
\ X2
N
[ IR
‘!
‘ é E z ) ’\
[ ]
3 7@5%6?)

Collinear Unsafe™
Can’t make prediction from perturbative QCD (?)

*unless you simultaneously restrict jet mass
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Calculating Groomed Jet Mass

Mass Drop

-
~
~
~

N,

c/A P LA

i O Y

O oV
Jl \\ O “
1
\\9 @) O:'
\\\\\\ 4

Initial jet m/! /Mjel < MUfrac and Y > Yeut

[Butterworth, Davison, Rubin, Salam, 0802.2470]

Mass-Dropped Jet Mass

10 100 1000

0.2 ———rr .
Yoy=0.08 ——
DFMS 13
. Yeut=Y- ===
single logs "\ y,,,=0.35 (some finite yoy) — - = |

mMDT

[Dasgupta, Fregoso, Marzani, Salam, 1307.0007]
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Soft Drop

2 > Zeut 96

c'®/o do/dc®

More ~ Mass Drop Less
Grooming | Grooming

>
p<0 p=0 p>0

Soft-Dropped Jet Mass
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[Larkoski, Marzani, Soyez, |DT, 1402.2657]
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Soft-Dropped Jet Mass

Simulated LHC Data

0-25 II | I I I I
—_— plam Jet
— PB=2
02 F —— P=1 ~
B=0
— PB=-0.5
0.15 -
R=1, p>3 TeV
Z,t=0.1
01 | ~
0.05 / -
O lll || 1

Flrst-prlnC|pIes QCD

0.25 ] .
—_— plalnjet SO|Id mult em.
—— p=2
02 F — B=1 -
i MLL
— pB=-0.5
0.15 —
R=1, p>3 TeV
Z,t=0.1
0.1 _
0.05 -/// -
O - [E | - L1 -41

10°% 10° 10* 102 102 107 10° 10° 10° 10* 102 102 107 10°
C(12) C(12)
More Grooming Less Grooming
] >
B—r—oo B<O B=O B>O B—»oo
[Larkoski, Marzani, Soyez, |DT, 1402.2657]

Jesse Thaler — Theoretical Advances in Jet Substructure

47



Small Tweak to the Textbooks!?

Infrared Collinear
.... PRSP € PP S 2
. N
~~~~~ N ey T

In IRC limit: O(Py_1)

do do
) = dd )
Also IRC Safe?  —> EN:/ v (O, D)

"

Take IRC limit of (O, P n11)
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More About R2 D;
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D»: Test for 2-Prong Substructure

Energy  ef”) =) 2z (Ri;)”

correlation i<

functions: e:(f) — Z < %j <k (Rinijm)ﬁ

t

[Larkoski, Salam, |DT, 1305.0007; see also 1<g<k
Banfi, Salam, Zanderighi, hep-ph/0407286;
Jankowiak, Larkoski, | 104.1646] momentum fraction  pair-wise adjustable exponent
Z = p1/pTjet angles ATLAS: B=I
: . €3
Discriminants: (5 = > Natural choice?
X2 = 0 for exactly 2-prong (62)
€3 . )
Dy = Provably best choice!
(62 ) 3 [Larkoski, Moult, Neill, 1409.6298]
key!
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Power Counting: |-prong Background

——— Soft
Collinear >

C S
z; >~ 1 Zs
CC SX

S
R
o
e
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: (e;’B) : e(3[3)

) Phase Space

00 01 02 03 04
P
CC CS

CCC CCS CSS
3 2
es ~ R.. + Reczs + 2

[Larkoski, Moult, Neill, 1409.6298, 1507.03018]
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Power Counting: 2-prong Signal

0] _
— g(())ﬂ;inear “s 005 (€ »€s) Phase Space |
C-Soft ’ \Rcc N
0.04} .
f bl
eP 0.03} &
0.02}
| @%
0.01f W,Q
0.00 e )
00 01 02 03 04
(B)
€2
- S CiC
zi ~ 1 Zcs Zs eo ~ R
CC CiCorC SX CiCoS CiCC CiC

Rij = Rcc R12 1 €3 = RlQZs + R%QRCC + R?QZCS

[Larkoski, Moult, Neill, 1409.6298, 1507.03018; collinear-soft modes and soft-collinear modes also appear in Bauer, Tackmann,Walsh, Zuberi, 1 106.6047;
Procura, Waalewijn, Zeune, 1410.6483; Larkoski, Moult, Neill, 1501.04596; Chien, Hornig, Lee, 1509.04287; Pietrulewicz, Tackmann, Waalewijn, 1601.05088;
see also coft modes in Becher, Neubert, Rothen, Shao, 1508.06645, 1605.02737]
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Optimal 2-prong Discriminant: D, =

(€2)°
—r r 1 17 T T T T 006 ................... -
i D;z’z) Spectrum 1 (e;'B ), eg'B )) Phase Space -
1.5} . - 0.05}
I 1TeV, eTe™ — dijets ] [
= ] aad! -
= | —— Z Boson Analytic _ » ; g\'
_ch; 1O} Z. Boson Vincia Hadron Level A ey 0.03 &
& i Quark Jet Analytic T 0.02 [ §%
2 Quark Jet Vincia Hadron Level | al /Q,‘ <
5 001} > X
oZ 0.5} 1 | 2 |
Boosted Z 000 e 0 0 0 '
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election
e(’B)
2
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| | R | | Unlike C, clean separation
D s
’ of |-prong from 2-prong
Novel QCD calculation based on
merging two SCET factorization theorems (!) Basis for ATLAS
and projecting triple-differential cross section (!) “R2 D" tagger

(n.b. e*e™ calculation with = 2)

[Larkoski, Moult, Neill, 1409.6298,1507.03018]
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ATLAS |13 TeV Baseline: “R2 D,”

q/g VS.
ATLAS Simulation anti-k, R=1.0 jets M <1.2
Is=8 TeV Trimmed (f_ =5%,R_,=0.2) 350 <p,"" <500 GeV
;200-'"'I""L”"I""I"'TIT"'I""I""I""I"" L] ARSI RS RS RERLY RRTAS RARAE RESES RESLY RALE
& 180F = - Multijets i W-jets

- (leading jet)

(in W— Wz) 3=

= 160
140
120
100

80
60
40
20

llll'lIl'lll'llllllllllllllllllllll

Ilhllnllll Ill-lmlllllllllllnlllllllll

by
05 1 15 2 25 3 35 4 45 0.5

1 15 2 25 3 35 4 45 5
D(2[3=1) Déﬂ=1)

Rsub = 0.2 trimming with D> tagging

[ATLAS, 1510.05821]
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ATLAS |13 TeV Baseline: “R2 D,”

- N B )\ | | L . L . [ 1
B - ' ATLAS \s =8 TeV .
oo \ anti-k, R=1.0 jets Trimmed (f_ =5%,R_, =0.2)
— u —]
U T '\ i <1.2,350 GeV <p_<500 GeV |
— \\ Performance in W bosons from tt (POWHEG+Pythia)
AN - AN vs. inclusive multijets (Pythia) t (5=1) o .
. G, D,
— \\ Monte Carlo Predicted .

‘\ Measured (Medium WP)
‘\ Stat. ® Syst. Uncertainty
Measured (Tight WP)
\\ Stat. ® Syst. Uncertainty :

101 1 | B

0 0.2 0.4 0.6 0.8 1

[ATLAS, 1510.05821]
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First |13 TeV results

ATLAS Preliminary

L I e o N L e e e o
—e— Data 2015

[ Wijets
Vs=13TeV [Ldt=3.2fb" — z+jfets
—/ tt + Single Top
[ Diboson
#ssisis o (stat. + syst.)
Y, - - HVT— WZ (m=2000 GeV) x 10
V7772 H— ZZ (m=2000 GeV) x 10
/47 G*— ZZ (m=2000 GeV) x 10

[ATLAS-CONF-2015-068, -07, -075, -080]
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More About Quarks vs. Gluons

Jesse Thaler — Theoretical Advances in Jet Substructure
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Quarks vs. Gluons on One Slide

—’ ? —, —’ ?
_____ 7 - - A
——————————
e® gmT et e - - -
- - - - - - -
———————
———————— ‘————— _—' _-'
° - _ - -
o = _ﬁ.- ,.q. '.TF ﬂ_.
~~~~~~~~~~~ - -
L e e P Dl
........
“> BRE SRS N

Quark:CEF=4/3 vs. Gluon:Ca =3

Probe radiation pattern with A v
e.g. Generalized Angularities D 0
2@ Pt
AK/ K 95 LHA (Les Houches Angularity)
5 o Z’L /) l width 1Mass
— ] t+--@--@----—-- ®-- < €3
1cjet T 1 |
momentum angle to multiplicity
4 Zi fraction  recoil-free axis 0-¢ | —>
9 0 1 2
VS ‘ I »

[Larkoski, JDT, Waalewijn,1408.3122]

[based on Berger, Kucs, Sterman, hep-ph/030305 [; Ellis, Vermilion,Walsh, Hornig, Lee, 1001.00 1 4]
[see also Larkoski, Salam, JDT, 1305.0007; Larkoski, Neill, JDT, 1401.2158]

[For a more complete catalog, see Gallicchio, Schwartz, 1106.3076, 1211.7038]
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What is a Quark Jet?

From lunch/dinner discussions

llI-Defined What people
sometimes
think we mean

Quark
as houn

Quark
as adjective

Well-Defined What we mean

Jesse Thaler — Theoretical Advances in Jet Substructure

A quark parton
A Born-level quark parton
The initiating quark parton in a final state shower

An eikonal line with baryon number /3
and carrying triplet color charge

A quark operator appearing in a hard matrix element
in the context of a factorization theorem

A parton-level jet object that has been quark-tagged
using a soft-safe flavored jet algorithm (automatically
collinear safe if you sum constituent flavors)

A phase space region (as defined by an unambiguous
hadronic fiducial cross section measurement) that yields
an enriched sample of quarks (as interpreted by some
suitable, though fundamentally ambiguous, criterion)

58



Les Houches Angularity: Quarks
Hadron level, R=0.6, e'e~ @ Q=200 GeV

Quark, hadron-level

6 T T T | T T | T T T | |
. Pythia 8.205
Herwig 271 —=—=
5 i -
Sherpa 2.1.1 =====
Vincia 1.201 ===
4 Deductor 1.0.2 === -

pq()\(l).S)
W

Ariadne 5.0.p

Q=200 GeV
R=0.6
2 ]
1 |
0 |
0 0.2 04 0.6 0.8
A5 [LHA]
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Les Houches Angularity: Gluons
Hadron level, R=0.6, e'e~ @ Q=200 GeV

Gluon, hadron-level

p g()\(l).S)
W

by
\“‘

Pythia 8.205

Herwig 271 —=—=

Sherpa 2.1.1
Vincia 1.201
Deductor 1.0.2 ===
Ariadne 5.0.p

Q=200 GeV

R=0.6
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LHA: Quark/Gluon Separation
Hadron level, R=0.6, e'e~ @ Q=200 GeV

Separation, hadron-level

dA/dA} 5

|
Pythia 8.205
Herwig 271 ——=
Sherpa 2.1.1 =====
Vincia 1.201 === 7
Deductor 1.0.2 ===
Ariadne 5.0.p e

Q=200 GeV
R=0.6
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Total Separation Power

Hadron level, R=0.6, e* e~

Al 5 [LHA], hadron-level

04 -

0.35 -
03 Mo B

025 = =TT

Separation: A
)
N
|

0.15 F— e ———

0.1 -

0.05 -

|||||||||||||

PRRR NN gy gy e |

Pythia 8.205
Herwig 271 —=—=
Sherpa 2.1.1 ===--

Vincia 1.201 === |
Deductor 1.0.2 ===
ETTETTETM

momnsn - Arjadne 5.0.8 e

R=0.6
A=0g

50 100
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200

500 1000
Q [GeV]
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Opportunities for Analytics/Tuning
Hadron level, R=0.6, e'e~ @ Q=200 GeV

0.4

0.35

0.3

0.25

0.2

Separation: A

0.15

0.1

0.05

Pythia 8.205, hadron-level

Angularity: (K,B)

I E— [ [ [

B baseline B
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—_— I no ME ===--:

B R ———— 2-loop ag = —'— B
— ——— CRT ===

L i Q=200 GeV
- R=0.6

| | | | |
0,00 (20 (1,05 (11) (1,2

Separation: A

0.4
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0.3

0.25

0.2

0.15
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Herwig 2.7.1, hadron-level
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no gqq ——~
no CR ==---

Q=200 GeV
R=0.6

(0,0)

(2,00 (1,05) (1,1)

(1,2)

Angularity: (K,B)

Puzzling trends require deeper study
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More About Open Data
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Additional z; Theory Plots
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[Larkoski, Marzani, DT, 1502.01719]
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CMS Jet Primary Data Set Triggers
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101}
102

1073

F Prelim. (20%)
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Corrected Jet pt Spectrum
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Jet Kinematics
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Simple Substructure
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2-prong Substructure
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Track-Only Substructure
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