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Introduction

Jets are abundantly produced at colliders

Jets carry information of hard scattering and
parent particles

Study of jets is crucial

Usually use event generators
How much can be done in PQCD
A lot!



Dijet in e+e- annihiation
* Dijet production is part of total cross section
* Born cross section is the same as total cross

section 2
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half angle of jet cone 3 |

energy resolution for
dijet production

constrained phase
space for real gluons



NLO corrections

* |sotropic soft gluons within energy resolution

(2 1nﬂ%£ /1) - 12/6)

* Collinear gluons in cone with energy higher
than resolution

[-83In(E6/ ) — 21n%2€ — 4In(E 6/ 1) In(2€) + 4L — 72/3 |

e \irtual corrections
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et cross section is infrared finite, but

logarithmically enhanced
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Jet phenomenology
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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 perturbation theory for production of arbifrary num-
bers of quarks and gluons can be reinterpreted in quantum ch}r&odynamics as predic-
tions for the production of jets.

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

jet substructures



Jet in experiment



Jets



https://mails.phys.sinica.edu.tw/cgi-bin/openwebmail/openwebmail-viewatt.pl/9710002_10.jpg?action=viewattachment&sessionid=hnli*mails.phys.sinica.edu.tw-session-0.106470565169246&message_id=<20121005061221.M4013@phys.sinica.edu.tw>&folder=sent-mail&attachment_nodeid=0-1&convfrom=none.big5

Coordinates for jets

pseudorapidity

O0=0=>n=0, 0=90°=n=0, 6=180°=n=-w
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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
Sterman-Weinberg jet is infrared finite
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Types of algorithms

 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

ARij =(n, _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
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Iterative step 2

cone iteration
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Iterative step 3

cone iteration
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Iterative step 4
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Problem of seeded cone

 Geometrical algorithm does not differentiate
infrared gluons from ordinary gluons

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

jet jet

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



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

MR

| | | |
jet 1 ]et 1 |
jet 2

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

Seeded cone algorithm is not infrared safe



Sequential algorithms

* Take kT algorithm as an example.

* For any pair of particles i and j, find the
minimum of
miﬂ{kfi:-kfj}

dij = pg ARG >k, dip =k, dip =k

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

* Repeat procedure until no particles are left
* Differentiate infrared and ordinary gluons
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diy
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di2 < di3
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Step 2

U




Step 3

U

di2 < dj19)g < dis
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Step 4

Y




Step 5

n

Done!
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Recombination Algorithms

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

, AR\
dij = mm(P%iap%j) (R_o) , d;p :P%z‘ ‘e

b

e C/A algorithm

AR\ *

C/A

® anti-kr algorithm start with harder particles

oy g (AR _
dy = mini? i) (G ) don =i

anti—kr

(AR)* = (An)* + (Ag)* 2



__Cam/Aachen, R=1_|




Infrared safety

* |[n seeded cone algorithm

(L) ()

* |n kt algorithm, remain two
jets---infrared safety

(1)

E A
Jet1
Jet 2
-
Ll
-
'""R<R,<2R g
(Identified as 2 jets)
Ed a single jet
I I
R R
----- I- -— - p.
-
- . .
R<R,<IR

(Identified as 1 jet)



Jet in theory



Factorization of DIS

* More sophisticated factorization is needed for
jet production in DIS

 Cross section = H convoluted with PDF and Jet

* His defined as contribution with collinear
piece for initial state and collinear piece for
final state being subtracted

e Basis for applying PQCD to jet physics



Jet production in DIS

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

* Jet production enhanced by collinear

dk ff t
L = (27 /
3R 0 0

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

Wilson link

* Feynman rules with & are from Wilson link
o) (00,0;0) = P { e 0)iT dneAD (e |

* Represented by double lines

= = e e’

// jet function

collinear gluon detached and factorized
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http://www.desy.de/~gbrandt/feyn/qcdc_fd.eps

Quark Jet function
Eikonalization leads to factorization

27)3 ‘
T (m3,po0,50, B) = —— )8 S 1y Lo (01g(0)8 (00, 0)[ V)

2\/_(?!] Ji )2 c Ny,
X (N 7,|®® (00,0)3(0)[0) }5 m2 —@m2(Ny,R))  Projector

<0® (i — A(N1))d(pos —w(N1)
Define jet axis, jet energy, jet invariant mass

Wilson links are needed for gauge invariance
of nonlocal matrix elements

LO jet Ji':[j:'{m.i. po.g.. ) = .ﬁ{.‘rnij

Almeida et al. 08
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Gluon jet function

* Similar definition for gluon jet function
(2m)°
2(po,s;)*
X (N, |87 (0,00) F£(0)6,[0)3(m3 — 5 (N, R)

x8® (A — (N ;)8 (po,5; — w(N1,))

J¢(m%, po,s., R) = Y 016 F7 (0)27 (0, 00) [N )
Ni.
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e quark jet

e gluon jet

NLO diagrams
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Underlying events
* Everything but hard scattering

* |nitial-state radiation, final-state radiation,
multi-parton interaction

outgoing parton

proton

“.7‘7 g .
VA A
LAYV
S | ) '
"
YA A

unde rlying event

proton

f—

unde rlying event

\ ""'i.-".'y‘
initial-state radition

outgoing parton S ,
' A final-state radition



Power counting

* ISR, FSR are leading power, and should be
included in jet definition

from FSR
from ISR .

(a) (b) (c)

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

36



Pile-up events should be excluded

4 pile-up
vertices
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NLO jet distribution

* Divergence of NLO quark jet distribution at
small MJ

b7 N0 =
S . R=04
3 o quark jet . _ goocev
E* :%: VS =1.96TeV




Soft/collinear gluons vs jet mass

* Small jet mass large jet mass
k1l 7
T k2
k1l
p /

k2
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Double logarithm
* Total NLO in Mellin space.

1 N-1 as(1?)C 1. 5 - 5 3 _
jo dX(l X) J q ?TRE P-j?" |: 2 ].11 3\- (111 L — 4:) 111 _\

T

_ M2 2
x=M?/(RR.) InM; —InN Wilson line vector

* Double log hints resummation

* Angular resolution is related to jet mass.
When M is not zero, particles in a jet can not
be completely collimated.

* Energy resolution is also related to jet mass.
When M, is not zero, the jet must have finite
minimal energy



Resummation

Recall low pT spectra of direct photon
dominated by soft/collinear radiations

></pr

—

Require kT resummation

Jet mass arises from soft/collinear radiations
Can be described by resummation!

Anti-kT algorithm is preferred in view point of
resummation
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Jet substructures



Boosted heavy particles

Large Hadron Collider (LHC) provide a chance
to search new physics

New physics involve heavy particles decaying
possibly through cascade to SM light particles

New particles, if not too heavy, may be
produced with sufficient boost -> a single jet

How to differentiate heavy-particle jets from
ordinary QCD jets?

Similar challenge of identifying energetic top
quark at LHC

43



Fat QCD jet fakes top jet at high pT

m&cn-mpt
- — pPr=400 GeV
i — pr> 800 GaV
ﬂ.15_ — pr> 1200 GeVY
i — pr> 1600 GeV _
gn.ml 1 Thaler
- . 1 & Wang
; | 1 0806.0023
0.05 —— 1 Pythia 8.108
[ 1‘—%:%% ]
M 0 0 300 200

Qe (GeV) Jet invariant mass
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Jet substructure

Make use of jet internal structure in addition
to standard event selection criteria

Energy fraction in cone size of r, ¥(r), Y(R) =1

Quark jet is narrower than gluon jet

Heavy quark jet energy profile should be

different

narrow jel




Jet substructures are finger
prints of particles
crucial for particle identification



Various approaches

Calorimeter-level jets

* Monte Carlo: leading log =
radiation, hadronization, =N
underlying events B A

* Fixed order: finite number
of collinear/soft radiations

Hadron-level jets
Hadronization

e Resummation: all-order
collinear/soft radiations

-
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>
o‘...
s
: 7 o

Parton-level jets
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/

g odtgoing parton
Hard scatter

Underlying event 47



Why resummation?

* Monte Carlo may
have ambiguities
from tuning scales
for coupling
constant

* NLO is not reliable
at small jet mass

 Predictions from

0.05

Midpoint Algorithm (R=0.7)

@ DATA

——FPYTHIA Tune A
cemee PYTHIA

wreee PYTHIA (no MPI)
----- HERWIG

0.1 <IY*1<0.7

QCD resummation Tevatron data vs MC predictions
N. Varelas 2009

dare necessary
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Resummation equation

Up to leading logs, resummation equation

2
_ P“—d J=[GY+K’+KP]1®J
P,-n ~ dn”

See Lecture 2

Regarded as associating soft gluon in Kr in
single-log kernel into jet function J

This is anti-kT algorithm!



Predictions for jet mass distribution
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NLL in
resummation
NLO In

Initial condition

CTEQ6L PDFs

Li, Li, Yuan, 2011
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Energy profiles

* |f can calculate jet mass in arbitrary jet cone
size R, can certainly calculate jet energy in
arbitrary jet cone ‘Y(r)

e |tis still attributed to
soft/collinear radiations

 Resummation applies
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Jet energy functions

* Jet energy function for quark

(2m)° Z / d3p d>k P°O(r — 0,) + K°O(r — 6
2V2(PY)2N. & J (2m)32p° (2m)32k0 p K

<Ted £0[g(O W (00, 0)|p. o2 k. N) (k. X p. oW (¢, 0)2(0)[0) ]
«6(M3 — (p+ k)*)d(n — fpyw )0 (PF — p° — kY),

. Jet energy function for gluon insert step functions
L () Py .
i\ Z / D 32}_} :}ﬂ- EZLD [ E}(T‘ o 933) + k O(T — HI:)_

% (01€, F7 ()W 9T (00, 0)|p, 0 k., A) (ke Xs p, o[ (00, 0) F2 (0),|0)
$6(M3 — (p+ k) (n — npaw)d(PY — p — kY),
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Resummation equation
 Resummation equation for jet profile

o ) 2 1| sin #
iy = 20w ; i(1* — a?) T
I'L.,.q .,J-_. i |:_1_[- f ILQ‘T:I'S I:_-'i'i'.‘|?+|'|?:|2fqll's i _.IE--i (T Ph|:_r'| )

L TE(, Pro” R

ik
ven dnag

_ 9[G® 4 KO())TE(L Py, Ry 7)

 Have considered N=1 here, corresponding to
integration over jet mass (insensitive to
nonperturbative physics)

2
» Resum Qs IN“ 1, ag Inr from phase space
constraint for real gluons
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Soft gluon effect

Soft real gluon in Kr renders jet axis of other
particles inclined by small angle 10 sin 6/ P

* This jet axis can not go outside of the subcone

* This is how real gluons affect r dependence

1°sing/ P, <r

Jet axis of other

particles Axis of total jet

Inclination angle
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lp{ r)

1.2

0.8

0.6

0.4

0.2

Quark jet or gluon jet?

:_ L - - |-

- \/S=1.96 TeV

. anti-k; R=0.7

- 340 GeV < P, < 380 GeV

— = CDF 170 pb™

Y i Quark Resum

I Gluon Resum

_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Radius

It is a quark jet!




Opportunities at LHC

‘I_E_
1__ . ____.___.__.“.-....
08— e
- \J5=1.96 TeV
g 06— GIUG” anti-k; R=0.7
- 37 GeV < P! <45 GeV
04— = COF 170 pb”
I Cuark Resum
0.2 :_ --—- Gluon Resum
“_IIIIIIIIIIIIIIIIIIIIIII"""IIII||
0.1 0.2 03 oA o5 o= oL

Radl
* |tisagluon jet! =

e Test new physics models from composition of
observed jets, e.g., CDF “W+jj” anomaly
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Comparison with CDF data

0<r<Hh

JEt-
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auark, gluon jets, convoluted with LO hard scatterina, PDFs
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Hr)

H(r)
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Compasion with CMS data

- 20 GeV < P, < 30 GeV

E s

01 02 03 04 05 06 0.7
r

- v 60 GeV < P; < 80 GeV

01 02 03 04 05 06 07

r

0.2 03 04 05 06 0.7

r




Higgs jet

One of major Higgs decay modes H -> bb with
Higgs mass ~ 125 GeV

Important background g -> bb

Analyze substructure of
Higgs jet improves its identification

For instance, color pull made of soft gluons

Gallicchio, Schwartz, 2010



Color pull

* Higgs is colorless, bb forms a color dipole
e Soft gluons exchanged between them

* Gluon has color, b forms color dipole with
other particles, such as beam particles

- Signal Background
{;‘J(JE— =
—”T:—l....l....|....|....|....|....| =]

—3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3




Summary

Jet substructures can be studied in PQCD

Start with Sterman-Weinberg definition, apply
factorization and resummation, predict
observables consistent with data

Fixed-order calculation not reliable at small MJ
Event generators have ambiguities

Can improve jet identification and new
particle search



