Plan for the course

Lecture 1: big picture Lecture 2: jet algorithms

* Why jets? e Core ideas of jet reconstruction
e y* — ggg: singularity structure e Sequential recombination algorithms
e Resummation and parton showers e Optimising jet parameters

Lecture 3: jet substructure

e The question of flavour
e Calculability: groomed jet mass
e Observables at the LHC




Quick recap: how did we define jets yesterday?
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How do we implement @ < R when

reconstructing collider events”



Some considerations: jet finding as a form of projection

[Adapted from G.P. Salam]

VAR A

LO partons NLO partons parton shower hadron level
Jet | Defn Jet | DefP Jet | Def" Jet | Defn
Y Y Y Y
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

WALV

Projection to jets should be resilient to QCD effects

®



Some considerations: reconstructing jets is an ambiguous task

[Adapted from G.P. Salam]

2 Clear |ets 3 |ets?



Some considerations: reconstructing jets is an ambiguous task

[Adapted from G.P. Salam]

2 Clear jets 3 |ets?



Jet definitions date back to the late 1970s

To study jets, we consider the partial cross section  | f' '”*.,Cf
c{(E,0,2,¢e,8) for e+e- hadron production events, in which all but
a fraction e << 1 of the total e+e* energy E is emitted within
some pair of oppositely directed cones of half-angle § << 1,
lying within two fixed cones of solid angle Q@ (with w62 << Q << 1)

+ -
at an angle 0 to the e e beam line. We expect this to be measur-

{

An event contributes tg the jet x-section, If g

= -
|
we can find 2 cones of opening angle o that
contain a fraction 1 — & of the total energy E+Ee+Es< ek

(I.e. most of the event’s energy)


https://inspirehep.net/literature/120612

Sterman-Weinberg jet cross section
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https://cds.cern.ch/record/371280/files/p94.pdf

Sterman-Weinberg jet cross section

[Adapted from P. Nason] r\)&
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At high energy (small &) most events are 2 jet events

@


https://cds.cern.ch/record/371280/files/p94.pdf

Sterman-Weinberg jet cross section: theory-vs-data
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Solid line: calculation in the previous slide

Dots: experimental data from PLUTO

[PLUTO Collab., Z.Phys.C 27 (1985) 167]

Key property of Sterman-Weinberg jets:
calculable in QCD due to IRC safety

Not obvious how to extend Sterman-
Weinberg jets to hadron colliders. Total
energy? More than two jets”?



https://inspirehep.net/literature/204848

Cone algorithms: top-down approach (widely used @Tevatron)

®A seed particle 1 (e.g. the hardest in the event) sets some initial direction

sum their 4-momenta 5 p

" \ - v |2 L 2
®@Find all particles in the vicinity and % S AR;.J-_- o i) - Wrﬂj) <R
U

® [ he direction of the resulting sum Is then used as a new seed direction

®|terate until the direction of the resulting cone Is stable and call it a jet

Underlying idea: momentum flow within a cone only
marginally modified by QCD branching

®



Cone algorithms: top-down approach

[CDF Collab Phys.Rev.D 74 (2006) 071103]

®A seed particle 1 (e.g. the hardest in the event) sets some initial direction

- T\

" \ - v |2 L 2
®@Find all particles in the vicinity and % S AR;.J-_- o i) - Myﬂj) <R

sum their 4-momenta 5 p
(l

® [ he direction of the resulting sum Is then used as a new seed direction

®|terate until the direction of the resulting cone Is stable and call it a jet



https://inspirehep.net/literature/822643
https://inspirehep.net/literature/699933

Issues with cone algorithms: IRC unsafety

cone Iteration

— — cone axis
> cone

rapidity



https://inspirehep.net/literature/747950
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Issues with cone algorithms: IRC unsafety
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Issues with cone algorithms: IRC unsafety
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Issues with cone algorithms: IRC unsafety
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Issues with cone algorithms: IRC unsafety
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Issues with cone algorithms: IRC unsafety
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Issues with cone algorithms: IRC unsafety
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Issues with cone algorithms: IRC unsafety
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Issues with cone algorithms: IRC unsafety
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Issues with cone algorithms: IRC unsafety (exception: SISCone)

- | cone iteration — — cone axis

500 C_> cone
O 400
% _
ol 300 B
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100 - can modify the
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IRC unsafety in a nutshell

Collinear Safe Collinear Unsafe
| jet 1 | | jet 1 | | jet 1 | | jet1|I |
jet 2
Og X (=) Og X (+0) Og X (-0 g X (+)
Infinities cancel Infinities do not cancel

An IRC unsafe jet definition invalidates perturbation theory



Sequential recombination algorithms
Jet clustering
-

g4

VO Vi V2 V3 V4

VE Vé
Parton shower
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Jet algorithms as tools to unwind the
parton shower



Sequential recombination algorithms: bottom-up approach

For simplicity, let us begin with the e e~ k, algorithm:

® For each pair of particles 1, ] work out the distance
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https://inspirehep.net/literature/354686

Sequential recombination algorithms: bottom-up approach

For simplicity, let us begin with the e e~ k, algorithm:

[Catani, Dokshitzer, Seymour, Webber Nucl.Phys.B 406 (1993) 187-224]

® For each pair of particles 1, ] work out the distance

y = A8 6) (A-torBy) e wosie ot g
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https://inspirehep.net/literature/354686

Sequential recombination algorithms: bottom-up approach

For simplicity, let us begin with the e e~ k, algorithm:

[Catani, Dokshitzer, Seymour, Webber Nucl.Phys.B 406 (1993) 187-224]

® For each pair of particles 1, ] work out the distance
\A'\‘ — )\MM[E\, ED (A‘CO)CB(J>
| &
® Find the minimum ., ot all the y;;

/ Suw  then LI/W\OW\'O\ (Q ’ScN»@\

® If y;; < Yeur reCombine 7 and j into a pseudo jet and repeat



https://inspirehep.net/literature/354686

Sequential recombination algorithms: bottom-up approach

At hadron colliders one needs to introduce a couple of modifications

® Resolution parameter: et radius

‘IAO«L‘%K

® [otal energy unknown + boost invariance

di\i = {P:.,,R%) @; ke D :/gb,gj)wlgb(mz

QL
® QCD divergences wrt the beam
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Sequential recombination algorithms: bottom-up approach
@ Work out all the d;; and d;g

@ Find the minimum of the d;;, d;p

@ Ifitisad..

;i» recombine 1 and j into a pseudo jet and repeat from 1

® Ifitis a d., declare i to be a final state jet, and remove it
from the list of particles. Return to step 1

® Stop when no particles remain

17



Generalised k, family of sequential recombination algorithms

Introduce an additional free parameter, p, In the definition of the metric

2 AP ¢ 0
AvL‘J -~ N\ (?\:dn {./‘ ) APCJ | 0\63 _ F@?
KL

A few physically relevant choices for p:

® p = 0 : Cambridge/Aachen algorithm. Hierarchical in angle

® p = 0.5 : 7 algorithm. Hierarchical in mass/inverse formation time

® p = 1 : k, algorithm. Hierarchical in relative transverse momentum

® p = — | : anti-k, algorithm. Hierarchy meaningless


https://inspirehep.net/literature/445565
https://inspirehep.net/literature/1835064
https://inspirehep.net/literature/779080
https://inspirehep.net/literature/354686

Generalised k, family of sequential recombination algorithms

plGev1 LS pleevi L Cam/Aachen, R=1
Iy \ R ————
201\ T I
(L 151\ ..................................................................................................................................................................
0- IR e, R
6 PR 6 Ly .._: .__.'
5 i 5
4 4
¢ 3 b 3
2 2
1 1
6 6
3 2 4 2 4
0 2 0 0~ 2 0
4 4
6 y 6 y
PGV = SI5Cone, R=1, £=0.5 plGevi L anti-k, R=1
R e \ T ———
201\ T 203\
1 5 153\ .................................................................................................................................................................
103\ T |
04 0 :
5 L 5
4 4
¢ 3 b 3
2 2
1 1
6 6
3 2 4 2 4
0 2 0 0~ 2 0
4 4
6 y 6 y



How close does a jet resemble a (MIC) parton? Perturbative

,s.: ;\ [More detalils in ‘Tovvardsjetograpt]y’] | OverSImp“ﬂed
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https://inspirehep.net/literature/822643

How close does a jet resemble a (MIC) parton? Perturbative

.~ [More details in "“Towards jetography’]
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https://inspirehep.net/literature/822643

How close does a jet resemble a (MIC) parton? Perturbative

Small jet radius Large jet radius

| |

Perturbative fragmentation: large radius better (it captures more) D



How close does a jet resemble a (IVIC) parton? Non-perturbative

[More details in "“Towards jetography’] ‘V?
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Hadronisation removes transverse momentum O(A/R) from a jet
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https://inspirehep.net/literature/822643

How close does a jet resemble a (IVIC) parton? Non-perturbative

Small jet radius Large jet radius

Non-perturbative fragmentation: large radius better (it captures more)
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How close does a jet resemble a parton? Underlying event

Jets at hadron colliders sit on top of a QCD background (pileup, MPI)

Assuming a uniform distripution, it will induce an extra amount of p,
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https://inspirehep.net/literature/1651233

How close does a jet resemble a (MIC) parton? Underlying event

Small jet radius Large jet radius
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UE and pileup: small radius better (it capture less)




+ (Oppp + (OpYpe [GeV7]

2
pert

(Opy)

Putting everything together
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At low p,, small R limits UE impact. At high p,, pQCD dominates


https://inspirehep.net/literature/770825

To conclude: standard LHC jet finding

® Uses the anti-k, algorithm

® Uses ajetradius R = 0.4

® Uses a transverse momentum threshold that is typically at least 20
GeV (exact value depends on the analysis)

@ Radius and p, threshold choices give a good compromise between:

» abllity to resolve multi-jet physics
» loss of radiation from jets

» additional spurious |ets

» contamination from pileup

27



