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The Case for Jet Substructure

Maximize discovery potential of LHC

Boosted Obijects: [JDT, Ken Van Tilburg,2010,201 1]
SUSY Implications: [JDT, Zachary Thomas, 201 1]
Quark/Gluon Discrimination: [Andrew Larkoski, Gavin Salam, JDT, 201 3]
Jet Counting: [Daniele Bertolini, Tucker Chan, JDT, 201 3]

Pileup Mitigation: [Andrew Larkoski, Simone Marzani, Gregory Soyez, |DT, 2014]
Plus: T] Wilkason, Frank Tackmann

Enhance understanding of QCD

Boosted Color Singlets: [llya Feige, Matthew Schwartz, lain Stewart, DT, 2012]
Hadronization Effects: [Vicent Mateu, lain Stewart, |DT, 2012]
Ratio Observables: [Andrew Larkoski, JDT,2013]
Track-Based Observables: [Hsi-Ming Chang, Massimiliano Procura, DT, Wouter Waalewijn, 201 3]
Recoil-Free Observables: [Andrew Larkoski, Duff Neill, JDT, 2014]
Plus: Dan Kolodrubetz
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Outline

------

Why Jet Substructure!?

Boosted Top Jet, R = 0.8
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Boosted Objects Introducing
with N-subjettiness “Sudakov Safety”
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Why Jet Substructure!?
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UA?2 Jet Production
1982

Almost 40 years of jet physics!

[see also SPEAR, 1975; PETRA, 1979]

Jesse Thaler — The Case for Jet Substructure



A QCD Renaissance! parton level
c. 2008—present SN 2

\ o B
" \ Particle Jet Eneréy depositions

P in calorimeters

i,

L H C (vs.Tevatron)

Higher Energy (~ x35-7)
Higher Luminosity (~ xi0-20
Finer Segmentation (= x5

Theoretical Progress
[Cacciari, Salam,

New Jet Algorithms (esp. anti-kr) *-"00=
Loop/Leg/Log Explosion
Jet Substructure
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Jets or Jet Substructure?

Jet 3:

pt 47.8 GeVl/c,
b-tag discriminant 4.2 Boosted

P -1
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[Using Kaplan, Rehermann, Schwartz, Tweedie, 2008]
[Using Ellis,Vermilion,Walsh, 2010]



High Energy: Boosted Regime is Inevitable

q t O
z O O
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[CMS B2G-12-006]
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High Luminosity: Pileup is Inevitable

Boosted :.‘
Top Quark -
(Meop = 170 GeV)

Secondary Collision Debris

[ATLAS CONF-2012-066]

T | TT°T | 1T | 1T | TT°T | TT°T | 1T | 1T | ] : T | TT°T | 1T | 1T | TT°T | TT°T | 1T | 1T | :

0.18— ATLAS Preliminary - Simulation o.1s ATLAS Preliminary - Simulation

- Z—fi(m=1.6TeV) . [ Z—ti(m=1.6TeV) ]

0.16~ anti-k, with R=1.0 LCW, No jet grooming — 0.16|~ anti-k with R=1.0 LCW, f =0.05,R_ =03 A

- 600 < pft <800 GeV, jl <0.8 . - 600 <p" <800 GeV, il <0.8 ]

0.14 euus @nnnns 1=N,, <4 7 0.1 /| @nnns 1=Npy <4 ]

O o o 5=N,,<7 i E W 5=Npy <7 u
012~ ... o 8=Np, =11 | 012 - e 8<Noy=11 [Krohn,JDT,Wang, 2009]

F e No 212 . E e Npy212 )

- i ] N ]

0.08[- +*aty = 0.08F- ft‘f -

B o e . i i ! b gk N

0.06[ Ph Te e = 0.061 ¥ o =

B ' TRRE 2 - i Ve je ]

- L 4 . - o : .

0.04 P S - 0.04 . . =

- - et ] N *ﬁ & ]

N P 2 L S ] B o ¥ ]

0.02 o #®%4 A - 0.02& -

.ﬁzg? 1 .t.-!- ' '-'-'...‘ .'A-'h - B - 3 _;_. . .

O ’TYTVII 11 | 111 | 111 | | | | | 111 | | ﬂ O Il | | | 111 | 111 | | | | | |- fv9 1

120 140 160 180 200 220 240 260 120 140 160 180 200 220 240 260

. . jet . . jet

Leading jet mass, m’1e Leading jet mass, m’f

Jesse Thaler — The Case for Jet Substructure



Finer Segmentation: Cleverness is

CMS,

Comgact Muon Sowcd

FatJet1

et = 491.32
eta = 1.553
phi = -2.592

[CMS BTV-13-001]

FatJet2
et =430.77
eta = -0.352
phi = 0.823
pruned mass = 111.9

SubJet1

et =216.16
eta=-0.172
phi = 1.003

SubJet2
et=19454
eta = -0.530
phi = 0.662
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CMS Exporrrent ot LHC. CERN

Data recorded Wed Dec 31 190000 1969 EDT
RunEvert 1/ 353

Lumi sacton: 2

A CrcandyP.1/.1 25 30

Inevitable

Boosted
Higgs
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The Case for Jet Substructure

Maximize discovery potential of LHC

Creative analysis strategies for hadronic final states
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Boosted Top Jet, R = 0.8
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Boosted Obijects
with N-subjettiness
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Jet Substructure by Eye

5.5¢

4.5}

Boosted Top Jet, R =0.8

Jesse Thaler — The Case for Jet Substructure

/’ = -
e ~
7 N
7 N
v N
I \\
[ L
= N | 1
@ -m -0 |
= Bl h
| | /
: /
/
N Ve
N 7
N Ve
~N 7
\\ //
0.5 1 1.5
n

Boosted QCD Jet, R=0.8
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Introducing N-subjettiness

1 .
TN = & ZpT>k min {ARg 1, ARk 2, . ..
k

Boosted Top Jet, R=0.8
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Subtlety: which axes!?
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# subjets:

T3/T2: Tops
T./T: W/Z/H

N-jettiness: [Stewart, Tackmann,Waalewijn, 2010]

N-subjettiness: [JDT,Van Tilburg, 2010, 201 1]

See also: [Farhi, 1977; Brandt, Dahmen, 1979; Kim, 2010]

| 4



3 Prong Substructure
T3/T2 for Boosted Tops
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CMS Simulation, /s =8 TeV
:I||||||||||||||||||||||||||||||||||||||||||||||||_
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2 Prong Substructure
T2/T/ for High Mass Higgs

W — qq

H — (boosted)
W — fv

[CMS HIG-13-008]

CMS Simulation
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Quark/Gluon Discrimination
The White Whale of Jet Substructure

[see Gallicchio, Schwartz, 201 1]

BSM Signals = Quarks

Often:
SM Backgrounds = Gluons [ATLAS CONF-2013-091]
Quark Jet Gluon Jet
————— Y ¥ .y IR A0S e g
Jets, Simplified: S —ETETeE
B BEE SRS N
Cr=4/3 Ca=3

Quark Efficiency = 50%

Casimir Scaling:
i oS Gluon Mistag = (50%)°4 = 21%

Jesse Thaler — The Case for Jet Substructure

|7



| Prong Substructure
T, for Quark/Gluon Discrimination?

— Energy Correlation Functions

.. [Larkoski, Salam, JDT, 201 3]
a.k.a. Angularities
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B : pr € [400,500] GeV ]
€3 ~ 2 (92) 00 TS Ry =06
i€jet + 1 8 :
| S 0.80| ]
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3 T :
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[Berger, Kucs, Sterman, 2003; Y T B -
etter 400,500] GeV 1
Ellis, Vermilion, Walsh, Hornig, Lee, 2010] = 0.90k pr < [400,500] GeV
g [ RO = 06 ]
O 0.85f
Jet Axis Broadening Axis O-80F
0.75F
: 71 (Broadening Axis)
0.70F = = = 71 (Jet Axis)
e LL Approx. ]
063 '

t tos 1
[Larkoski, Neill, JDT, 2014] CMS pt®  Broadening/  Thrust/
Width/Girth Mass
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Hot Off the Press!
Quark/Gluon Discrimination at ATLAS

[ATLAS PERF-2013-02; 1405.6583]
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FERMIONS
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Generation Generation Generation
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Mass (giga-electron-volts)

FERMIONS BOSONS
‘ First Second Third \
Generation Generation Generation
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FERMIONS BOSONS
' First Second Third '
10° Generation Generation Generation
Top quark Hia‘gf;
6 V4

B-tagged Jet
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“Why does N-subjettiness work so well?”

Jesse Thaler — The Case for Jet Substructure
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The Case for Jet Substructure

Enhance understanding of QCD

New analytic results in (non)perturbative field theory

Jesse Thaler — The Case for Jet Substructure
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IRC Safe

= Sudakov Safe
IRC Safe

Introducing
“Sudakov Safety”
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Infrared/Collinear Safety

Original Jet Infrared Collinear
----- YTy DR UCS A s T Ty
et e > e o — D ——>
TN > TN > RN >

IRC Safe Observable: Insensitive to IR or C emissions

IRC Safe |IRC Unsafe

Lore: Calculable in pQCD? X

Controlled Aqcp Effects!? v X

Jesse Thaler — The Case for Jet Substructure
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Infrared/Collinear Safety

Original Jet Infrared Collinear
----- YTy DR UCS A s T Ty
et e > e o ———— i ———>
TN > TN > RN >

IRC Safe Observable: Insensitive to IR or C emissions

IRC Safe [IRC Unsafe

New Lore: Calculable in pQCD? v Vv ¥

Controlled Aqcp Effects? s/ K ‘/ x

Jesse Thaler — The Case for Jet Substructure
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Examples

Jet p: E PT i IRC Safe

1€jet
2
S Z P
pT-: 5 IR Safe
CMS HIG-11-027 : C Unsafe
[ I Giet PTiet
Multiplicity: E 1 IRC Unsafe
1€jet

Jet Mass: E Pi * Pj IRC Safe
1,7 €])et

N-subjettiness: E PT.i min {ARi,l, ARZ"Q, c e e AR@)N}B IRC Safe
1ejet

Jesse Thaler — The Case for Jet Substructure
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Ratio Observables?

IRC Safe =  Useful Ratio

TN
™N = —
TN-I

Ubiquitous in jet substructure

IRC Safe Numerator

IRC Safe Denominator

[ATLAS EP-2012-031]

vvvvvv

2 S .
° gooof- —e— 20100u. | ATLAS -
_.s 5000 — Pythia
“ eweees Horwig++ - T2/T|
4000 _._r..-.-'
3000} - ]
20w » 3 -'-
" anti-k Rs=1.0 jets -
1000 300 < p, < 400 GaV 1T
- Nt-:*‘~|¥|<2 L’i
K 3 ) S i
cl————— —
e 1.6F =
_O ‘.g_ P L
~ 12K R e
Q s M——m
1 n T —— T =
= 08f | e 3
06
0.4‘:+ :
0% 02 04 06 08 1 1.2

N-subjettiness T,

W-like <—|—> QCD-like

= |RC Unsafe Ratio

[Soyez, Salam, Kim, Dutta, Cacciari, 2012]
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WHAT!!

Safe/Safe = Unsafe?!

A

A

A (IRC Safe)

X Measure: g 12 C Safe)

’
! 4
) €

’
L

Infer: R =A/B (IRC Unsafe)

A

Singularity

> B

Jesse Thaler — The Case for Jet Substructure
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Simple Example
Ratios of Angularities

1€jet T 1

energy fraction

IR Limit

z—0

Single emission:
Order & (LO)

Jesse Thaler — The Case for Jet Substructure

10—
I\‘ - = = Fixed—Order (LO) |
0.8} 1 '
L\
€ : \\ :
f,"‘ _ (@74 ld_O' 0.6:- \\\ '
6/6 0 é€p 0.4':/ \\\
\/ \\\
| 0.2t AR -
angle to axis I TS~ I
C Limit O ™02 07 0% 0% 10
-0 ep
Z
A 5
-0 €3 = 2 6 IRC Safe
>
r — 6’0‘_5 IRC Unsafe
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Simple Example
Ratios of Angularities

) — — - Fixed—Order (LO) |
08} v —— All Orders (LL) |

1€jet T t |
energy fraction angle to axis
IR Limit C Limit Sudakov 00002 02 05 08 10
z—0 0 -0 Form Factor eﬁ
01 /B
Many emissions: o eg = 20 IRC Safe
f‘;\‘ - ~*»
All orders in & (LL) Tyt r —= Mg “Sudakov Safe”

[Larkoski, JDT, 201 3]

Jesse Thaler — The Case for Jet Substructure
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After the Dust Settles

Ratio Cross Section:

dO.LL
\/ OJSCFﬁ ]. as CF 2 \/ OZSCFﬁ X g CF
p— (1 —2 log r) (erf [

dr a=p T &

- 1 1) e~ Fatplos’r
- Vla— B) Ogr]+ )

as CF 10g7“6—%cp o« __Jog?r

(a—p)2

—2
Ta—0 r

Systematic Improvements:

al Summary of Analysis ]

[ Ratiory g, @ =2,8 =1 :

Q =500 GeV,A =0.5GeV -

3L --—-LL ]

i [ —— LL+LO '

[ —— MLL+LO

dray 2r _ === MLL+MC ]

e —— MLL+MC+6xp

1} 4 :
||/ ] [Larkoski, JDT, 201 3]

__________________ NLL: [Larkoski, Moult, Neill, 2014]
0.0 0.2 04 0.6 0.8 1.0

rmp=e/e;
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After the Dust Settles

Ratio Cross Section:

dO’LL
- VO‘SCFﬁl (1_2043 Cr 10g2r> (erf[ VQSCFﬁ lOgT] +1> _2s OF 152

dr  a-B8r T o — Jr(a—p) ¢ rer
Expand in small Os: 1
dO’LL Cpﬁ 1
= /s v - O(as)
dr L a— 0B r
No Taylor expansion Finite cross section
Unsafe... ...but Calculable
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The Case for Jet Substructure

Maximize discovery potential of LHC

Creative analysis strategies for hadronic final states

Enhance understanding of QCD

New analytic results in (non)perturbative field theory

Jesse Thaler — The Case for Jet Substructure
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Soft Drop

Knob: B=0

=

[Larkoski, Marzani, Soyez, |DT, 2014]

B>0 B— o
IRC Safe Jet Unchanged

IRC Unsafe*
a.k.a. mMDT

Jesse Thaler — The Case for Jet Substructure

MDT: [Butterworth, Davison, Rubin, Salam, 2008]
mMDT: [Dasgupta, Fregoso, Marzani, Salam, 201 3]
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Energy Loss from Soft Drop

do

legAE

0.5

] IIIIIIII ] IIIIIIII ] IIIIIIII ] LI |
Vs=14 TeV, Pythia 8(parton), anti-k,(R=1)

0.4 | —
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3 03} —
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©
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1
X T3
B=0 lOg AE

1

no s at
fixed coupling!

A standard candle for jets?

~ Independent of s, jet pT, jet radius
~ Independent of quark vs. gluon
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Summary

------

Why Jet Substructure!?

Exceptional LHC performance + Extreme kinematics + Jet contamination + (B)SM physics

Boosted Top Jet, R = 0.8

6 y ,*'1.’?.7
N _h_._—)::::'_ _’:. —
5 e | IRC Safe
A = Sudakov Safe
P IRC Safe
Boosted Objects Introducing
with N-subjettiness “Sudakov Safety”
Powerful, intuitive measure of prong-like structure Need all orders in Os; new insights into QFT?

Jesse Thaler — The Case for Jet Substructure



Want to Learn More?

Theorist of the Month

N-subjettiness

Energy Correlation Functions
Jets Without Jets

Jet Trimming

Soft Drop

Sudakov Safety

Track Functions

Power Corrections
Recoil-Free Observables
Broadening Axes
Winner-Take-All Scheme

Jesse Thaler — The Case for Jet Substructure

International Scientific Committee:

Jon Butterworth (UCL), Tancredi Carli (CERN),

Steve Ellis (U. Washington), Chris Hill (Ohio State U.),
Peter Loch (U. Arizona), Tilman Plehn (U. Heidelberg),

Sal Rappoccio (SUNY Buffalo), Andrea Rizzi (INFN/U. Pisa),

Albert de Roeck (CERN/U. Antwerpen), Gavin Salam (CERN),
Matthew Schwartz (Harvard U.), Ariel Schwartzman (SLAC),

Mike Seymour (U. Manchester), Jesse Thaler (MIT),
Marcel Vos (IFIC Valencia), Jay Wacker (SLAC),
Lian-Tao Wang (U. Chicago)

Local Organizing Committee:

Mario Campanelli, Ben Cooper, Andrea Grandson
Nikos Konstantinidis, Patrick Motylinski,

Jon Butterworth (Chair)

6th International Joint Theory/Experiment
Workshop on Boosted Object Phenomenology,
Reconstruction, and Searches in High Energy
Collider Experiments

BOOST2014 (c/o Christine Johnston) Department of Physics
and Astronomy, University College London, Gower Street,
London, WC1E 6BT, UK.

Email:
http://www.hep.ucl.ac.uk/boost2014

40



Jesse Thaler — The Case for Jet Substructure

Backup Slides
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Proton
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Jets or Jet Substructure?

S~ leptonically decaying
S top quark candidate:
hadronically decaying m =167 GeV/c?
top quark candidate: pr =904 GeV/c
m = 194 GeV/c?
pr = 904 GeV/c [ _
q t
Z/
M = 1.87 TeV/c? . )

[CMS PAS B2G-12-006]
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Jet Substructure by Power Spectrum?

BICEP2: B signal
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Axes Finding = Cluster Optimization

1 .
TN = 0 ZpT>k min {ARg 1, ARk 2, ..., AR;{,N}B
k

k-means clustering k-medians clustering
(actually called R1-k-means)
Minimize p = 2 Minimize = |
| [SL /
| /
| /
A I . /
tL(X) tR 7 X
l / bR
| /
thrust axes broadening axes
[Farhi, 1977] [Larkoski, Neill, JDT, 2014]
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Predict Substructure Performance!?

20 e
N'LL Calculation | Boosted color singlet
I Q=0GeV
L O Q = 50 GeV
I ----Q=100GeV | —/
1 do - ——— 0= 1
\Y <95 GeV — [ Q=200GeV ]
65 GeV <m < e g 10: oo ] ‘/‘/ — qq

— —— Q=1000GeV |
-\ jets ]

st ~ ]
0.07{ | | | —QCDjets-/ | e : B = 9. [Feige, Schwartz,

ol 1 " Stewart, |DT, 2012]

721
S 0.04! Ay \
()
>
T 0.03
)
T 0.02
001 ™ Background
0 : : : : 8 3 e o k
0 0.2 0.4 0.6 0.8 1 o 6000 +20100nta.IL-3pr' ATLAS -
12/1:1 of jet 5
- 5000» — Pythia

Active area of study

aooof- e P—ﬁj ~
3000f ol ; *
: - .. Why so challenging!?

2000 = :
anti-k, R=1.0 jets ]
300 < p, < 400 GaV STTR—
1000 P -

ot Noy =1 lyl<2 L._“

.‘.n.v.....i ..............

[ATLAS EP-2012-031]
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Beautiful LHC Measurements

[ATLAS CONF-2013-086]

'6' 0_3_ T T T T T T T T T ]
° - ATLAS Preliminary ]
g 050 is=8Tev,[Ldt=58" E
O - ]
() - Wmx=1.0 —O
a - B =03 —Q:_O__A_Z
0.15 :_ o __i_ —A— —:
n —o—, _
0.1 _O_:Q::Q:—A— =
- == .
0.05- Q= WIN v
S 2 g ]
O_ A= O Data B
- A Pythia Dijets ]
_0.05_ 1 1 | 1 1 o
®) 2r
= ¥
_sE 1_\ - :I\ii
S P
o - - :
0 500 1000 1500

Dijet Mass [GeV]

. L K [revisiting Feynman, Field, 1978;
Jet Charge‘ QK/ — E qu Krohn, Lin, Schwartz, Waalewijn, 2012;
Waalewijn, 2012]
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Revisiting Thrust @ LEP

LEP Data SCET + “Track Functions”
207 L . s ) S O 20_| L L I S e p
: DELPHI A NLL'+Q
15° + Tracks E 151 — Tracks 1
I do 0 - All Particles - 7 dor 10} === All Particles -
o dt E E o dr .
5. : 5t :
i .-H"'L-n . ] 0; :
Y 01 02 03 00 01 02 03
T T

[Chang, Procura, |DT,Waalewijn, 201 3]

Technique applicable to IR Safe but C Unsafe
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Embracing Jet Ambiguities

jet axis =

P ~
[} o= ,‘5~
4 R
A\ ~
. ! AR
kS Y | )
S W1 ‘a \s
“~ L PR
SN A
O .
R 1,
1. 7 ~,‘o1 ’ .
a6 TS
KA . . 1
B
S e o, Rk A 1
A o"" . . .
S e N I}
AR . R ~ ’
VS R --
. KA R
DACASAASR AN
'O'l'O l‘ !'
’, ’ k4 k4
.

\?X
SIT3e
RIS

Jet Algorithm Jets Without Jets
[Bertolini, Chan, JDT, 2013]

Relative occurrence

0.6

00

0.7F

05
04f
03
02}

0.1}

[ | —mee Njet (Aﬂti—kT)
— N i« (Event shape)

00 05 10 15 20 25
NjetaNjet

Fractional jets = Probe of soft QCD
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Handles on Hadronization

-----------
"
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Fenne - ——

N \SIRE LIGHT COMY
OBSERVER — 5 [
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—-——y-
-- .- -
Sew S~

~
e -
--- - e . --——

-~
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- -
Wommomemmmn mm--

o

- | 2= [coffeeshopphysics.com]

[revisiting Salam,Wicke, 2001;
Mateu, Stewart, |DT, 2012]
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Jan 201 | Boston Jet Physics Workshop

Jesse Thaler — The Case for Jet Substructure

BOSTON JET PHYSICS WORKSHOP &

‘,"/ ' January 21-23, 2014
; Stata Center, MIT

This workshop will focus on maximizing the potential of newer, more
sophisticated treatments of jets in collider physics that have
emerged over the past several years. Of particular interest will

be bringing physicists of various communities together to

understand what experimental and theoretical

uncertainties need to be brought under contraol,

and what under-explored opportunities are

present for jet physics.

ORGANIZERS

Marat Freytsis
David Lopez Mateos
Matthew Schwartz

Andrew Larkoski
Duff Neill
Jesse Thaler

N

Jan 2014 Boston Jet Physics Workshop
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Turning the Crank

Sudakov Factor:

__ Probability to get measurement below
A(ea’ 65) ~ acertain value of both ex & ep

Double Differential Cross Section:

d? o™t A,
deq degs  Oe, deg

A(ea,eg)

Ratio Cross Section:

dO’LL d2O'LL
= | deq d 0
dr / Fa 068 deqdes (T

Jesse Thaler — (Non-)Perturbative QCD & Jet Substructure
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Turning the Crank

Sudakov Factor:

o 1 1 e \ |
Aley.e5) = exp |——Cp | = log?e log? —<
Double Differential Cross Section:
dQO'LL  (2a, Crp 1 N 402  C% 1 o E8 16 ﬁ Alew. es)
d@a deﬁ T a— feqges 2 Bla— B)? eqnes g €q 5 eg o =P

(Cross check: Reduces to known single differential)

Ratio Cross Section:

dotb

a—f
dr

Vg 1 s V s —2s 21 — 52 Cp 5 log?r
e (1 -2 - log” T) (erf[ 0. Cr 2 logT] + 1) e~ S otz log’r _g%s Cr logre RACEIER
r

_9=s
Toa—pf Ta—p r
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Discovery: New techniques for...

t

... Boosted Objects
[JDT, KenVan Tilburg, 2010, 201 1]

O07F] e Niew (Anti—k7)
0.6k — N ¢ (Event shape)
[
Q
5 05
g
=
8 04
S
2 o3f —
s
2 02f
0.1 |_
0ol b :
00 05 10 15 20 25 30 35
Njet , N jet

... Jet Counting

[Daniele Bertolini, Tucker Chan,
JDT,2013]
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095¢ 50% Quark Eff. (Pythia8)
pr € [400,500] GeV
Ryp=0.6 ]

- -
——
-

Gluon Rejection
=)
e}
S

075 — O
71 (Broadening Axis)

070F == - 71 (Jet Axis)

-------- LL Approx.

0'6?).0 05 1.0 15 20 2.5 30

B

... Quark/Gluon Discrimination
[Andrew Larkoski, Gavin Salam, JDT, 201 3]

1
log —
z
TSoft Dropped,
1 A
log —+—o—~
Ag .
1
log 9
Zcut
> log Ho
log 220 ’
O —

... Pileup Mitigation
[Andrew Larkoski, Simone Marzani,
Gregory Soyez, |DT, 2014]
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Understanding: New analytic methods for...

= Sudakov Safe
IRC Safe

... Ratio Observables

. IRC Safe g
:  [Andrew Larkoski, DT, 2013] :

Z boost IA?
direction L

i Track Thrust

15F ==NLL'+Q, -

P “+ DELPHI |

~% qor ]
o dr i

5 ]

000 01 02 03

... Irack-Based Observables

[Hsi-Ming Chang, Massimiliano Procura,
JDT,Wouter Waalewijn, 201 3]

tr, LR
br
... Boosted Color Singlets ... Recoil-Free Observables ... Hadronization Effects
[llya Feige, Matthew Schwartz, [Andrew Larkoski, Duff Neill, [Vicent Mateu, lain Stewart,
lain Stewart, DT, 2012] JDT, 2014] JDT,2012]
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n Electro
Magnetic
\

\ -
‘\ . .

Graviton Photon
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Gluon

W/Z Bosons

Quarks
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—A Matter/Anti-Matter?

Three Generations!?

Neutrino Masses!? —

April 2012

Strong CP!? = = i

v T decays (N3LO)

a DIS jets (NLO)
0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
e Z pole fit (N3LO)

PP — jets (NLO)

=QCD (M) =0.1184 % 0.0007

10 Q [GeV] 100

1

——The Standard Model—l_ll

¢ T N

Dark Matter? Origin of Mass!?

. Quantum
A Higgs Boson (!) Gravity?
Dark Energy?
<€ >
o 1 : Hierarchy
Nnriation¢
Problem?

Jesse Thaler — The Case for Jet Substructure 59



