Jets in QCD

The Case for Jet Substructure

Jesse Thaler

QCHS Xi, St. Petersburg — September 8, 2014

Jesse Thaler — The Case for Jet Substructure



1977

Jesse Thaler — The Case for Jet Substructure

Kpapku. Quarks

CymiecTBylOT JM KBapK@ B JeHCTBHTEIbHOCTH?
Do quarks really exist?

Bapuonsl cTposiTcss M3 TPEX Kpapkos. Baryons are
built up of three quarks. .

Bapuonnl cTpoaTcss U3 KBapkoB co cnuHom 1/2,
Baryons are built up out of spin 1/2 quarks.

BapuoHbl CYMTAIOTCH CJAOKHBIMU CTPYKTypamu. Bar-
yons are regarded as composite structures.

Mpeanonaraercs, 4TO KBAPKH JOBOJBLHO TSIKEMbIE.
Quarks are assumed to be fairly heavy.

HenocpeacreenHo HaGM0AAaTh KBAPKH HaM emeé He
npuxoauaocb. We have never seen a quark directly.

Mojenn «mewka» npegnosaraer, 4To KBapku 3aK-
Jmo4eHbl BHYTPH yactuupl. The «bag» model has quarks
confined within the particle.

HmeloTcs HeKoTopbie coO6GpaKeHUusi 0 HEBO3ZMOXKHOCTH
CO3JAHHS HWJH BbICBOOOKKACHHS OT[AEJbHOr0 KBapka.
There are some considerations about the impossi-
bility to create or to liberate a single quark.

[Mouemy HamM He YAQJOCH pacCIWENnUTb aAPOH H H3-
BJeYyb M3 Hero oTaeabHblit kBapk? Why have we fail-
ed to break open an hadron and get at an individual
quark?

Y TeopeTHKOB MMEETCSi MHOXKECTBO HjleH, 00 bACHSIO-
IMX HEYAaYH NONbITOK MNOJYYEHHS H30JIHPOBAHHKIX
ksapkos. The theoreticians have a variety of ideas as
to why we cannot have an isolated quark.



UA?2 Jet Production
1982

Almost 40 years of jet physics!

[see also SPEAR, 1975; PETRA, 1979]
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A QCD Renaissance! Parton level
c. 2008—present 9.

/"w'\."‘—\; - g _->--j-'
! \ Particle Jet Energy depositions

P in calorimeters

L H C (vs.Tevatron)

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

Theoretical Progress

New |et Algorithms (esp. anti-kT)
Loop/Leg/Log Explosion
Jet Substructure

[Anti-kT: Cacciari, Salam, Soyez, 2008]
[BDRS: Butterworth, Davison, Rubin, Salam, 2008; see also Seymour, 1991, 1994]
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BBujy OorpaHH4eHHOCTH BPEMEHH S OCTAHOBJIIOCh Ha
ABYX acnekrax npo6saemsl. Because of the very limited
time available, I will restrict myself to two aspects of
the problem.
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The Case for Jet Substructure

145 GeV < m, < 205 GeV 07
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Maximize discovery potential of LHC

Enhance understanding of QCD
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145 GeV < m]_ <205 GeV
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Maximize discovery potential of LHC

Jesse Thaler — The Case for Jet Substructure



Jets or Jet Substructure!

[CMS EXO-11-006, CMS JME-13-007]
[Using JHU/CMSTopTagger: Kaplan, Rehermann, Schwartz, Tweedie, 0806.0848]
[Using Pruning: Ellis, Vermilion,Walsh, 0903.5081]



Jets or Jet Substructure?

Jet 3.

pt 47.8 GeV/e,
b-tag discriminant 4.2 Boosted

P -1
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[CMS EXO-11-006, CMS JME-13-007]
[Using JHU/CMSTopTagger: Kaplan, Rehermann, Schwartz, Tweedie, 0806.0848]

[Using Pruning: Ellis,Vermilion, Walsh, 0903.5081]



High Energy: Boosted Regime is Inevitable
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High Luminosity: Pileup is Inevitable

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

Secondary Collision Debris
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Krohn, |DT,Wang, 0912.1342
g
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High Stakes: Cleverness is Inevitable
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25

papers/month
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Core Principles of
Jet Substructure:
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Mass Drop, pt Balance, Y-splitter,

Filtering, Trimming, Pruning, Soft Drop,
Angularities, Planar Flow, N-subjettiness,
Angular Structure Functions, Jet Charge, Jet Pull,
Energy Correlation Functions, Dipolarity, pt°,
Zernike Coefficients, Fox-Wolfram Moments,
JHU/CMSTopTagger, HEPTopTagger,

Template Method, Shower Deconstruction,

Jets Without Jets, Subjet Counting, Wavelets,
Q-Jets, Telescoping Jets, Jet Reclustering, etc.

Prong-like Behavior
Radiation Patterns
Flavor Tagging

(& Pileup Mitigation)



t — bW
H — bb

L & Q. »w o
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} i N-Prong vs. |-Prong

Boosted Top Jet, R =0.8 Boosted QCD Jet, R=0.8
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[JDT,Van Tilburg, 1011.2268,1108.2701]
[See also N-jettiness: Stewart, Tackmann,Waalewijn, 1004.2489]

Jesse Thaler — The Case for Jet Substructure |4



1

0.8

Quark-like vs.

- -
—————
- = - =

—"
-

Gluon-like

- -
- -
- = - -

-
-~
s

-
i

Pythia 8:
0.6} Herwig++:

[ pp > 400 Gev

[ Ry =06

0.0

q
""" q

IRC Safe Angularity (8=1) ]

g

1073 1072

Jesse Thaler — The Case for Jet Substructure

0.1

€1

-

-

i - -~
L -, -y,

- ... -y,

e.g.Angularities:

(a.k.a. I-subjettiness)

energy fraction angle to axis

[Berger, Kucs, Sterman, 2003; Ellis, Vermilion, Walsh, Hornig, Lee, 2010]

[Recoil-free Versions: Larkoski, Salam, JDT, 1305.0007; Larkoski, Neill, JDT, 2014]
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t — bW (Sub)jet B-tagging

FatJet2
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[CMS BTV-13-001]
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Boon for New Physics Searches
e.g. Heavy W' Search

Trimming + B-tagging + P——
kT Splitting + N-subjettiness
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0.7

Gluon Energy Loss (100 TeV pp)
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Enhance understanding of QCD
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Techniques Inspire Analytics...

Jet Trimming

——————
- 5l §

’I

~
-------

Initial jet O p'.T/ﬁ}.=t < feut Trimmed jet
[Krohn, JDT,Wang, 0912.1342]
Trimmed Jet Mass
10 100 1000
0.3 —rrr——rrrr rrr—
L Trimming
0.25 Reup=0.3, Z;;=0.05 —— ]
N 02 } su cut i
©
g 015 - Sudakov
2 o1 | Double Logs
0.05 i
0
10°® 1
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(Modified) Mass Drop

/"‘5 "
C/A I/"O\P \
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~
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Initial jet m M < pgae and Y > Yeu

[Butterworth, Davison, Rubin, Salam, 0802.2470]

Mass-Dropped Jet Mass

10 100 1000
0.2 [ ——

DFMS mMDT Yout=0.08 ———
Your=0.13 — — =

Yout=0.35 (some finite y 1) ==+ = 1

[Diagrams from ATLAS, 1306.4945]
[Dasgupta, Fregoso, Marzani, Salam, 1307.0007]
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...Inspire Techniques (and Analytics)...
(Modified) Mass Drop

Soft Drop

B>0 B— o

Jet Unchanged
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[Larkoski, Marzani, Soyez, |DT, 1402.2657]
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Initial jet
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Mass-Dropped Jet Mass
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[Diagrams from ATLAS, 1306.4945]

[Dasgupta, Fregoso, Marzani, Salam, 1307.0007]
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...Inspire Measurements!

Soft Drop
B>0 B—
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>

Mass Drop

Soft-Dropped Jet Mass
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[Larkoski, Marzani, Soyez, |DT, 1402.2657]
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CMS W-Tagging Study

Probe
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[CMS PAS JME-14-002]
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Old Ideas Revisited
Weighted |et Charge...

Qw)= ?zft?f
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[Feynman, Field, 1978]
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...on Firm Theoretical Ground

Generalized Fragmentation Function
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[Krohn, Schwartz, Lin,Waalewijn, 1209.2421; Waalewijn, 1209.3019]

[ATLAS-CONF-2013-086]
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New Calculational Paradigms

Angularities: eg ~ Z zi (6)°
z'EjetT t

energy fraction

angle to axis

1.0

08|
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Divide by Zero 0.2;
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New Calculational Paradigms

Angularities: eg =~ Z 2 (0;)" e

energy fraction angle to axis

10—
[ - = - Fixed—Order (LO) |
e 0,8:. ‘\ —— All Orders (LL) ]
° a I
Ratio Observables: r=—_ _—
(Ubiquitous in Jet Substructure) 65 |

Sudakov Form Factor
= “Sudakov Safe”

dO’LL_ \/OFﬁl
dr _ra—ﬁfr

1

Unsafe...but Calculable [Larkoski, DT, 1307.1699]
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A Standard Candle for Jets?

Soft Drop (B—0)

(a.k.a Modified Mass Drop)

0.7 : :
Fractional Energy Loss 06 g Lo TV PP
0.5 pr>1TeV
~t pr>2TeV
[ r>5TeV
dO- ~ ]. Zmax ddo' 0'45- ZT > 10 TeV
5 o Az 3f pr>20 TeV
d log A B=0 log A .

1

no K;s at fixed coupling (!) === . . R
~ independent of quark vs. gluon 107 0.001 0.01 0.1 1
~ independent of jet pr, jet radius Zmax

[Larkoski, Marzani, Soyez, |DT, 1402.2657; Larkoski, DT, 1406.701 | ]
Jesse Thaler — The Case for Jet Substructure 26



The Case for Jet Substructure

145 GeV < m, < 205 GeV 07
0.06 — Gluon Energy Loss (100 TeV pp)
—Top jets . 06F B=0Ry =05
0,05/, ——QCD jets I — pr> 1 TeV
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Exceptional LHC performance + Extreme kinematics + Jet contamination + (B)SM physics

Maximize discovery potential of LHC

Creative analysis strategies for hadronic final states

Enhance understanding of QCD

New analytic results in (non)perturbative field theory
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Bonpoc. Question

Y mens ectb K Bam Bonpoc. I have a question.

Paspewnte mue 3agath Bam Bonpoc? May [ ask you
a question?

Ectb on emé kakue-uubyap Bonpocwi? Any other
questions?

Moii Bonpoc sakmouaercst B caepyomem... My ques-
tion is the following... [is as follows...]

Eciu Gosablue Her BONPOCOB, TO MBI MepeHaéM K...
If there are no more questions we shall go on to...

A ¢ ynososabcTBHEM OTBeuy Ha Bawiu sonpockl. I shall
be very happy to answer questions.

Y MeHsl eCTb K BaM OJMH BONPOC Y4aCTHOTO Xapak-
Tepa... Now there’s something special I want to ask
you...

28
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Backup Slides
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The Case for Jet Substructure

Maximize discovery potential of LHC

ATLAS Preliminary Simulation

7. - 3
be T T
< WY o : >

T il EbR, =

1 S jlf

0 ' ' y4 1

Creative analysis strategies for hadronic final states

[Using Jet Trimming: Krohn, JDT,Wang, 0912.1342]
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The Case for Jet Substructure

Enhance understanding of QCD

Pythia 6 MC: quark jets
m [GeV], forp; =3 TeV,R =1

10 100 1000
0.3 rrrrr— rrr rrr——
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Analytic Calculation: quark jets
m [GeV], forp; =3 TeV, R =1
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New analytic results in (non)perturbative field theory
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[Dasgupta, Fregoso, Marzani, Salam, 1307.0007]
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Old Measurements Revisited
Track-Based Observables

20 20

: DELPHI -2 NLL'+Q}
15 - Tracks . 151 — Tracks :
I do = All Particles - ! do 105 == All Particles |
o drt 10 o dr )
5 o . Sk .
- hH""-H — ) | 1
b 01 02 03 00T T o 02 03

T T

Thrust @ LEP

SCET + “Track Functions”

Theme: Non-perturbative Objects
with Perturbative Evolution

[Chang, Procura, DT, Waalewijn, 1303.6637,1306.6630]
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New Measurements Required

Quark/Gluon Truth Overlap
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quark vs. gluon

5= =0

1€jet
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[Larkoski, JDT, Waalewijn, 1408.3122]
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Reconsidering Old Assumptions
Recoil-Sensitive vs. Recoil-Free Angularities

Measure of gluon radiation

~ 2 : g |
eg 2 ((gz) about hard jet core
icjet 1 1 | Al
energy fraction angle to axis /" ei
o —)

Which Axis!?

Recoil-Free: Measurement Axis = Hard Parton

Jet Momentum Axis Winner-Take-All Axis
(Mean) (Median)

[Bertolini, Chan, |DT, 1310.7584; Larkoski, Neill, JDT, 1401.2158; Salam, unpublished]
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