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Introduction

Jets are abundantly produced at colliders

Jets carry information of underlying events,
nard dynamics (strong and weak), and parent
particles, including particles beyond the
Standard Model

Study of jets is crucial; comparison between
theory and experiment is nontrivial

Usually use event generators
How much can be done in PQCD?



A jet event

e What can we learn from this mess?



ldentification of heavy particles

Heavy particles decay quickly

Easier to collect decay products of boosted
heavy particles

W,Z->qq,H->bb,t->Wb->qq b
Need to differentiate signalpp >W ->q ¢’
from background pp->qq’

Jet substructures help identification of
boosted heavy particles




e+e- annihilation and jets

Soper’s lecture



e+e- annihilation

e cross section = |[amplitude|?

e Born level
final-state cut

number of colors | fermion charge
- 2 /2,2
0w = N{d1a*[3q )(; fo)/

momentum transfer squared



Real corrections

e Radiative corrections reveal two types of
infrared divergences from on-shell gluons

Collinear divergence: | parallel P1, P2
Soft divergence: | approaches zero

\ N

overlap of
collinear and *
soft divergences
\ \
Xj _ color factor

2NC(F)Qs (e, /m)q* (4nu*/q*)*<[(1 — €)/T(2 — 2¢)]
X[e?+ 3¢ =i+ 2 + O(e))].



Virtual corrections

 Double infrared pole also appears in virtual
corrections with a minus sign

'\

oG D

\,

—2NCy(F) Qs (avar,/m)q* (4mu?/q?)*[(1 — €)/T(2 — 2¢)]

X [€72 + 3¢7! — 377 + 4 + O(e)]

overlap of collinear and
soft divergences



Infrared safety

* Infrared divergences cancel between real and
virtual corrections

e e+e--> X isimaginary part of off-shell photon
self-energy corrections

e Total cross section (physical quantity) of
e+e- -> X is infrared safe A
— )
IM-———oc 5(p°)
P +ig

on-shell
propagator final state -



KLN theorem

* Kinoshita-Lee-Neuberger theorem:
IR cancellation occurs as integrating over all
phase space of final states

* Naive perturbation applies
0(q’) = N (4ﬂw2/3q2)§f]Qf2[1 + /(ws/ﬂ)%cz(F)]

e Used to determine the coupling constant



Dijet in e+e- annihiation
e Dijet production is part of total cross section

 Born cross section is the same as total cross

section Y.

02, 9(Q, €, 6) = N(;sz)

ok

half angle of jet cone 3 |

energy resolution for
dijet production

constrained phase
space for real gluons
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NLO corrections
e [sotropic soft gluons within energy resolution

(2 IHE%E /1) — 12/6)

e Collinear gluons in cone with energy higher
than resolution

|-31In(E&/ ) - 2}7{{25 ~41In(E6/ u)In(2€) + 4L — 72/3]|

e Virtual corrections
-210%E/p) + 31n(E/ ) - % +72/6)

e Dijet cross section is infrared safe, but
logarithmically enhanced, dominates total one

(3 1nﬁ+41n51n25+ﬁ2/3——]

™ overlap of collinear and soft logs.




Uncertainty principle

Radiation from a moving electron, m ~ 0

0 k1 k1
k2 e
(k1+k2) ~0 (K, +k) >>O
AE ~0 AE >>0
Long-lived short-lived
High probability low probability

Either k1, k2 collimate, or one of them is soft
This is the infrared enhancement



Infrared enhancement -> jets

small angle

/ highly collimated

particles -> jet

alm/ost \

on-shell small angle

almost
on-shell

* Probability is big to get a spray of collimated
particles plus some soft particles at wide angle
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Infrared safety of jets

e If any p; becomes very small,
we should get the same jets
by leaving particle ¢ out.

e If any two momenta p; and p;

become collinear, we should get

the same jets by replacing the

particles by one with momentum p: + p;-
® The physical meaning is

that for an IR-safe

quantity, the physical

event with hadron jets \)( ~
should give approximately

the same measurement as

d PEIITDH event.



Jet phenomenology

VoLUME 39, NUMBER 23 PHYSICAL REVIEW LETTERS 5 DECEMBER 1977

Jets from Quantum Chromodynamics

George Sterman
Institute for Theovelical Physics, Stale University of New Yovk al Stony Brook, Stony Brook, New York 11790

double-log enhancement and

Steven Weinberg

Lyman Lakovatory of Physics, Havvard University, Cambridge, Massachusells 02138
(Received 26 July 1977)

The properties of hadronic jets in e*e”™ annihilation are examined in quantum chromo-
dynamics, without using the assumptions of the parton model. We find that two-jet events
dominate the cross section at high energy, and have the experimentally observed angular
distribution, Estimates are given for the jet angular radius and its energy dependence.
We argue that the detailed results of perfurbation theory for production of arbifrary num-
bers of quarks and gluons can be reinterpreted in quantum cl‘i‘&gﬂd}rnamics as predic-
tions for the production of jets.

jet as an observable (jet physics)
not quarks and gluons

jet substructures
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Jets in experiment



Coordinates for jets

angles in detector
pseudorapidity

1= e (2)]
~\ azimuthal angle
3
/

0=0=>n=0, #=90"=n=0, 0=180"=n=—w
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e .ego plot event display.

e Plot Pp = |}3T| in each calorimeter cell versus n and ¢.
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e An Atlas event.

Run Number: 160958, Event Number: 23181152
Date: 2010-08-08 13:57:31 CEST




Jet from H1 Collaboration

Run 221734 Event 6105 Class: 26 Date 12/10/1998

...just from the HOTLINE

E[Gev]




Underlying events
e Everything but hard scattering

e |nitial-state radiation, final-state radiation,
multi-parton interaction all contribute to jets

outgoing parton

proton

unde rlying eve nt

proton

Af—

underlying event

W .FI.-' ‘.
initial-state radition

outgoing parton s |
B 4 final-state radition -



Cascades in collider

Hadron-level jets

almost parallel
Parton-level jets

guarks, gluons

Underlying event



Pile-up events should be excluded

4 pile-up
vertices
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Jet algorithms

Comparison of theory with experiment is
nontrivial

Need jet algorithms

Algorithms should be well-defined so that
they map experimental measurements with
theoretical calculations as close as possible

Infrared safety is important guideline, because
jets are infrared safe
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Types of algorithms

e Two main classes of jet algorithms

 Cone algorithms: stamp out jets as with a
cookie cutter

Geometrical method

e Sequential algorithms: combine parton four-
momenta one by one

Depend on particle kinematics



Seeded cone algorithm
Find stable cones via iterative-cone procedure

Start from seed particle | and consider set of
particles | with separations smaller than jet cone

AR;; = (7, _77j)2 + (¢ _¢j)2 <R
If the cone Is stable, procedure stops. Otherwise
the cone center J Is taken as a new seed, and
repeat the above procedure

A stable cone Is a set of particles i satisfying
AR, <R

Examples:
R<R, <2R




Iterative step 1

cone iteration

Y

—
e O o e e— e— o —

A|—

rapidity
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Iterative step 2

cone iteration

3\

— — — — — — — o ——

-l'lllllllll
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Iterative step 3

cone iteration

s

l_lllllllllll
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Iterative step 4

I I | I i l I I I I 1

cone iteration

e
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Problem of seeded cone

e Geometrical algorithm does not differentiate
infrared gluons from ordinary gluons

e Final results (split-merge) depend on soft
radiation and collinear splitting

jet jet

e Virtual (real) soft gluon contributes to two
(single) jet cross section, no cancellation



Not infrared safe
How about starting from the hardest particle?
Collinear splitting change final results

E)
L
| jet 1 | jet1||

jet 2

Virtual (real) gluon contributes to single (two)
jet cross section, no cancellation

Seeded cone algorithm is not infrared safe



Sequential algorithms

e Take kT algorithm as an example.

e For any pair of particles i and j, find the
minimum of
111111{1.,2 Lz}

t
d;; = - I-AR ~ k7 .,

d;p = kz., d;p = k:

ty

e IfitisdiBordjB,iorjisajet, removed from
the list of particles. Otherwise, i and j merged

* Repeat procedure until no particles are left
e Differentiate infrared and ordinary gluons



dig < dyj3 < doz < dp1o3)p < diy
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Step 2

l

¢




di2 < dj19)B < dis
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Step 4

l




Step 5

U

Donel
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Features of kT algorithm

Take diB < d2B < d3B as an example

To pick up d23, jet 2 and jet 3 must be very
collimated. Chance is lower.

t is more likely to pick up di2.

KT algorithm starts clustering from soft
nartons

t is possible to cluster soft partons from
neighboring jets -> irregular jet shape



Shower histories
Y . B

===

e The graph of parton joinings (read right to left) can

be thought of as a graph of parton splittings (read
left to right) in a parton shower.

e If we use the krjet algorithm, then the parton
splittings go from harder (high £1) to softer (low k1)
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Recombination Algorithms

| | Pra = Prs
® kt algorithm start with softer particles

, AR\
dij = mln(p%iap%j) (R_o) , dip = p%’i
bt

e C/A algorithm

AR\ *

C/A

® anti-kt algorithm start with harder particles

oy (AR §
dy = min@r?ord) () - doo =i

anti—kp

(AR)* = (An)* + (A¢)” 3



|__Cam/Aachen, R=1




Infrared safety

* In seeded cone algorithm

'W/

(1.) (1)

e |In kt algorithm, remain two
jets---infrared safety

(1)

o |
Jet1
Jet2
- - —I<— -
-
=
“R<R,<2R '
(Identified as 2 jets)
Ecd a single jet
| i
--K_ o R L
T
“R<R,<2R f

(Identified as 1 jet)
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Jets in theory



Jet production in DIS

e Restrict phase space of final-state quark and
gluon in small angular separation

e Jet production enhanced by collinear
Soper and

dynamics dk .er
Iyiw = (27 / | Pumplin’s
v / lectures
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http://www.desy.de/~gbrandt/feyn/qcdc_fd.eps

Wilson link

e Feynman rules are reproduced by Wilson link
&) (00,0:0) = P {a—éﬂ.!:f'“ df?i'ﬂ'--”i*?i“i}

e Represented by double lines direction of
initial quark

e \g/ < a e’
/ q go Iinto

// jet function

collinear gluon detached and factorized

48


http://www.desy.de/~gbrandt/feyn/qcdc_fd.eps

NLO diagrams

e quark jet
AN /\ VRN

e gluon jet

49



Power counting

e ISR, FSR are leading power, and should be
included in jet (gauge invariant) definition

from FSR
from ISR .

(a) (b) (c)

e MPI are sub-leading power: chance of
involving more partons in scattering is low.
They should be excluded in principle

50



Relation to jet algorithms

Jet definitions are formal, independent of jet
algorithms

Extraction of physics from jet definitions
depends on algorithms

Difference vanishes for extremely energetic
jets
Theoretical construction (factorization) of jets

must follow some algorithm, in order to be
compared with jets in experiment (data)



NLO factorization

e At NLO for gluon jet of cone radius R, need to
integrate over kinematics of 3" gluon

e What is the allowed kinematic region for
combining 3rd gluon with 1st gluon ?

1

i
Kz

20 GeV ©
10 GeV ?




Algorithm-dependent kinematics

* For kT algorithm
iz <y, AR, <AR,,

0, <0.75R
e For anti-kT a
s < dzs’ A
0, <R

* Angular bounds are O(R)

gorithm

Rz £ 2AR,,

 Energetic jets become

insensitive to algorithms

20 GeV *

10 GeV ?
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Summary

QCD gives jets due to infrared enhancement

Infrared safe jet definitions are needed in both
experiment (sequential algorithms) and
theory (ISR, FSR)

Both experimental and theoretical
constructions of jets depend on algorithms

Must specify algorithm, before making
meaningful comparison between data and
predictions



Back-up slides



Jet grooming techniques

% Filtering:

+ keep only the 3 leading sub-jets

“ Trimming:

+ remove soft sub-jets

——————

.Cj\‘
o ¥
Initial jot (] p‘r,n'p.J:-' < feut Trimmed jot g
» LI
korCfA i 1
. \ /
< Pruning: N N 0,
Initial jet O PRI 5 s o AR,y < Rew Pruned et

JHEP 09 (2013) 076

+ reject soft and wide-angle

radiation at each clustering step
56
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