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QCD in a Nutshell

o Pointlike fermlons called quarks
o Six different “flavors” (u,.d, c,s;t,'b)

e Quarks carry “color” —analogous to electric charge
e There are three types of color (red, blue, green)

o Mediating boson is called gluon — analogous to photon
. but different |

o Gluons carry two color “charges” and can interact to
each other — very important difference from QED
e from Abelian to non-Abelian theory
e Color charge is conserved in quark-quark-gluon vertex

o At large distances: parton interactions become large
(confinement) &

o At small distances: parton interactions become small QCD yertex &4
(asymptotic freedom) \‘6&*; -

blue guarlk !_’

‘Coupling constant = a, (analogous to a in QED)
'Free particles (hadrons) are colorless
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QCD in a Nutshell

Slmllar to QED ..

o Pointlike fermions called quarks
o Six different “flavors” (u, d, c, s, t, b)

e Quarks carry “color” —analogous to electric charge
e There are three types of color (red, blue, green)

o Mediating boson is called gluon — analogous to photon

. but different |

o Gluons carry two color “charges” and can interact to
each other — very important difference from QED
e from Abelian to non-Abelian theory
e Color charge is conserved in quark-quark-gluon vertex

o At large distances: parton interactions become large
(confinement)

o At small distances: parton interactions become smal
(asymptotic freedom)

‘Coupling constant = a, (analogous to a in QED)
'Free particles (hadrons) are colorless
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as Deep Inelastic Scattering
os ¢'¢ Annihilation

¢ Hadron Collisions

'@ Heavy Quarkoni

0t5(Mz) = 0.1189 £ 0.0010

10 QGeV] 100




Historic Prespective

1960
=== Introduction of Color and the Quark Model
SLAC §__ Experimental evidence of quarks in DIS scattering
Bjorken scaling
1970

ISR e Birth of QCD
Renormalizability, Asymptotic Freedom. Confinement
«—— Discovery of the c-quark (SLAC. BNL)
= Experimental evidence of jets in e"e” annihilations
as manifestation of quarks (1975) and gluons (1979)
PETRA | +— Discovery of the b-quark (Fermilab)
«— Violation of Bjorken scaling, Evolution of Parton

1‘950 Distribution and Parton Fragmentation Functions
SppS «— Computation of higher-order effects in pQCD
for many processes )
«— Discovery of W and Z — Confirmation of PEP-II, Sle‘fl_(\a?ég)lﬁlé%;l_\lto’ USA
Standard Model
Tevatron ; HERA, DESY, Hamburg, Germany -
LEP ep collider
HERA. e
1990 * = Next to Leading Order pQCD predictions for jet
DO+CDF production
1992: 1°t CTEQ Summer School @ ||

LEP2

< Discovery of the t-quark (Fermilab)
= Precision EW Data — LEP 2

2000 Q+— Tevatron Upgrade, Run I1a
«— CTEQG6 PDFs + Errors

= Tevatron Run IIb

LHC LHC S
- — L )]
2010 Startuy
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Bl QCDin ete- Annihilations

LEP: 88 GeV < E,, < 209 GeV SLC:  E_ =91 GeV

ee” —> (Z°/y)" —> hadrons

!_

A0 HENRZO0oORDED

o<1 (Parton Level)
a.>1 (Hadron Level)
e q

e q e q
et q et q et q
quso) C{C‘"sl) aa-‘iz)

U Ic gﬁgﬁ%ﬁgg OF ILLINOIS Nikos Varelas CTEQ Summer School 2009



Why do we Study Jets in ete~?

Jet
Jet

e — 4 jets Jet M

' Establish gluon self-coupling
- Non-abelian structure of QCD

e

— — 3 jets jet

_ : : F o
eTe™ — jet + jetyer || € €
‘ ' Discover gluon jets, measure o,

. Discover quark jets
' Determine quark spin

e QCD Studies

Measurements of o,

Fragmentation functions

SU(3) gauge structure of OCD

Color factors/spin dynamics
Quark-gluon jet properties/differences
Event shapes

e Searches for the Higgs

e Searches for new physics Jet
‘Search for the Higgs |]

Determine spin of gluon

Jet
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Why do we Study Jets in ete?

Jet

A

eTe™ = jet + jet jef

' Establish gluon self-coupling
Non-abelian structure of QCD

. Discover quark jets >

' Determine quark spin

e QCD Studies &*

‘ Determi~

Jet

Measurements of o

o
o
e SU(3) gauge
o
o
[

Color fo-
Quo~’ @0 properties/differences
F

o “6@@ or the Higgs

es for new physics Jet
'Search for the Higgs |]
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- e*e” Events are Clean!

ete” —>ptp | e‘e-—>qq H e'e” —>qq4qg ”

Ebaan 4
B4 T

et 510 20 i
| 1

v No Initial State Radiation

v" No beam remnants

v No multiple scatterings

v Important role in establishing QCD
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QCD in ep Interactions

e,V

27.5 GeV |

e

proton remnant

Z
/

P
820-920 GeV

jet
k=(E.k) 4 -momentumfor incominge”
kK'=(E.k") 4 -momentumfor outgoing e
0’=—q¢ =—(k-k)  4-momentumtransfer
[ PR § ’ .
Vs = 300-320 GeV at HERA x= % parton momentumfraction
q
V= Pq E-E fractionalenergy transfer
- Pk E

2
s=(P+k)’ =2P-k= o electron- proton mass squared
v

s=(xP+k)" =~ sx electron- parton mass squared
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B8 Why do we Study J

Direct
photoproduction

P prot
remi@nt  Jet

— measurements of ag
yp — 2 jets + X

photon
remnant

Jet

Resolved

proton

P
remnant Jet

— tests of photon structure
p — 2 jets + X

UIC ™ Nikos Varelas

photoproduction

[*]

e QCD Studies

Measurements of o,
Fragmentation functions
Photon Structure
Color/spin dynamics
Quark-gluon jet properties
Event shapes

Parton Distribution Functions

Inclusive- and Multi-jet
production

e Rapidity Gaps/Diffraction

e Searches for new physics

ets in ep?

CTEQ Summer School 2009
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EEl Why do we Study Jets in ep?

Direct
photoproduction

P prot
remi@nt  Jet

— measurements of ag
yp — 2 jets + X

e Fragmentation functions

e Photon Structure

e Color/spin dynamics

e Quark-gluon jet properties
o

o

o

photon
remnant

Jet

Event shapes
Parton Distribution Functions
Inclusive- and Multi-jet

b
\
1 I\6
Profoky

remnan: prOduclﬁon
— tests of photon structure e Rapidity Gaps/Diffraction
Yp — 2 jets + X e Searches for new physics

U C s oF Lunos Nikos Varelas CTEQ Summer School 2009
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‘ Proton — (Anti)proton Collisions

e Proton beams can be accelerated to very high energies (good)
e Butthe energy is shared among many constituents — quarks and gluons
e “scan” of widerange of S (good and bad)

Transverse ——
momentum T

e To select the interesting collisions: look for outgoing
particles produced with high momentum perpendicular to
the beam (“transverse momentum”) — hard collisions

® Hard collisions take place at small impact parameter — these are collisions
between partons inside the two protons

® Analog of Rutherford’s experiment
® Forms the basis of the on-line event selection (“triggering”)
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CTEQ

Proton — (Anti)Proton Interactions

Parton Distribution
Functions

£ /a(X,.Hg): Probability
i b

function to find a
parton of type a inside
hadron A with
momentum fraction x_

X,: fraction of hadron’s
momentum carried by
parton a

Mg related to the
“hardness™ of the
interaction
“Factorization Scale”

pp=psiné Tet t / Detector
“Soft” collisions = small p . “

“Hard” collisions = large p;

\
N
~

h

p=> f

Proton Remnant

\

v Glab—cd)
Partonic level cross section

Js =10—14 TeV at LHC

b
D(z. pg) is the Js(pp) =2 TeVat Tevatron

Fragmentation
function

UNIVERSITY
AT CHICAGO

OF ILLINOIS Nikos Varelas

CTEQ Summer School 2009
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pp Interactions - Creation of Jets

(FSR)

o
L2
o
L2
L4
.
.
.
.
.
o
.
.
o5
.

Initial State Radiation
(ISR)

84
0.’
*

Remnants

Beam )
Remnants é%\

g O
<




Interactions - Creation of Jets

. Z1's a
From Early Microscopes
To |
Nano-Nano-Microscopes '
(a bit more expensive though)
m*'*;%f :

Early microscopes



Hadron Interactions -

[[1ICDMG E
QFHE
&= A2
[JCHE
par Licle particle
e, o 5 )

detectar

Underlying | Complications from the e*e-
Event due to:
47O ' © - Parton Distribution
Functions (PDFs)

=n® .q
9 / / B - “Colored” initial and

final states
Hard Scatter

- Remnant jets -
Underlying event (UE)






Run 178796 Event 67972991 Fri Feb 27 08:34:15 2004

ET scale: 436 GeV



Jetl Jet 2 )
Calorimeter

Simulation

CMS Simulation
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Why do we Study Jets in Hadron Colliders?

Study of heavy particles:

Jet
— measurements of tOp
pp — 6 jets + X

it

quark production

Search for quark substructure:

— search for quark compositeness
pp — 2 jets + X

U I UNIVERSITY OF ILLINOIS

ATCHICAGO Nikos Varelas

proton Jet
remnant

P anti-proton
remnant  Jet

—+ tests of the proton
structure function
pp — 2jets + X

CTEQ Summer School 2009

QCD Studies
e Measurements of a
e Fragmentation functions

Parton Distribution
Functions

Color/spin dynamics
Quark-gluon jet properties
Event shapes

Inclusive- and Multi-jet
production

Rapidity Gaps/Diffraction
e Production of Vector Bosons
+ jets
Study of heavy particles (e.g.
top production)
Searches for Higgs
Searches for new physics

And much more ...

22




Explanation of the blob’s: PDFs

Parton Distribution Functions

xf(x,Q,) = A, xA! (1-x)A2 P(x)

i
(]
I
]
i
# (]
K ‘r

small x behavior i

in between
v
large x behavior

Parton Distribution Functions of the

proton are measured at a some “hard

scale” and evolved via pertrurbative
QCD to the "scale” of the interaction

e PDFs are determined doing Global Fits
of data from DIS (Deep Inelastic
Scattering), DY (Drell-Yan), Direct
Photons, and production of jets
(MSTW/CTEQ)

UICtita ™ Nikos Varelas

CTEQ Summer School 2009
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Explanation of the blob’s: PDFs

L 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII

B ' -

DIS (lixed larget)
i : HERA ("94) }
DY
W=asymmetry
o Dirgct=y
i Jels

102

,.
L 1111l

1{]':' ] 1 1 1 g0l ] 111l 1 [ ] b1 o1 1l
100 101 10° 107 104

1K

Where the data for extracting PDFs are coming from?
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Explanation of the blob’s: PDFs

U Ic UNIVERSITY OF ILLINOIS
AT CHICAGO

6@@

L I 1 II LI II 1 II_
o larget)
S _~
10° b ~asymmetry
n Dirgct=y
Jels
>
W
<
O
101 | .
11 11
107 104

ere the data for extracting PDFs are coming from?

Nikos Varelas

CTEQ Summer School 2009
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Explanation of the blob’s: Fragmentation
N

Particle Fragmentation Functions

2
102f ALEPH
£l N (I\l jet finder)
8
N
‘\
| 10} b * Gluons
i \.\ I::"udscb Quarks
3 N f p—sif| 5 5 e p
- w
— "\ B 1
£ 1 L% 1
= N
N
N
101 — FETSET73
= = HERWIGSS
%
10

3
0 01 02 02 04 0.5 0.6 0.7 0.8 /

/
e Particle Fragmentation Functions D, , (z, 1) measure the probability

of finding a particle of type h with momentum fraction z, of parent
parton d

e Fragmentation functions are determined doing Global Fits of data from
DIS and ere- = Quarks and Gluons fragment differently!

e The "evolution” of the Fragmentation functions can be calculated by

pQCD
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Explanation of the blob’s: Hard Scatter

Hard Scattering Cross Section

i 2\p ( 2 ) 2 Y ~Dﬂm
N XA ST A OO R L 79 E R

2
i'.,j {' . x—l‘-‘F J'{'I_R

® oy = (PDF's for p and p) ® (partonic
level cross section)
. p f { e p
e Separate the long-distance | M
pieces (PDF's) from the short-
distance cross section —
Factorization

e What's the deal with the various scales? /

® | is the factorization scale that enters in the evolution of the PDF's
and the Fragmentation functions (could be two different scales). Itis
an arbitrary parameter that can be thought as the scale which
separates the long- and short-distance physics

® |1, is the renormalization scale that shows up in the strong coupling
constant

e Qs the hard scale which characterizes the parton-parton interaction
e Typical choice: g = py = Q ~ pr/4 - 2pt of the jets

U C s oF Lunos Nikos Varelas CTEQ Summer School 2009
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Explanation of the blob's: Hard Scatter
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Explanation of the blob’s: Detectors

Detector

“ more on that later... |
|

UI Eﬁgﬁgﬁgg OF ILLINOIS Nikos vGrelas CTEQ Summer SChOOl 2009 29



Kinematics in Hadronic Collisions

Rapidity (y) and Pseudo-rapidity (n) ||

Particle

1 E+p, 1

1 1+ fcosé

2 E-p, 2 1-pcosd

|Bcoso =tanhy where = p/E]

LAB System = parton-parton
CM system

In thelimit g —1(or m << p;) then

1+ cos@ 0
o=—1In = —|n tan—
2 1-—cosé 2

LAB

7L SN

An and p- are invariant under longitudinal boosts ”

U Ic UNIVERSITY OF ILLINOIS
AT CHICAGO

Nikos Varelas
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Kinematics in Hadronic Collisions cont’d

| Transverse Energy/ Momem‘um_l

‘EZEpf+p§+m2=p$+m2=E2—pf‘

Invariant Mass |

M3 = (pf + P5)(Py, + Py
— I'T'Il2 —+ m22 + 2(E1E2 - P pz)
50— 2Er,Er,(Cosh An—cos Ag)

| Partonic Momentum Fractions I
X, = (e’71 + e’ )ET /\/E
X, = (e"71 +e " )ET /\/E

|Parton CM (energy)’ — § = xaxbsl

U Ic gﬁgﬁ%ﬁgg OF ILLINOIS Nikos Varelas CTEQ Summer School 2009

p, =Etanhy
E=E coshy
p, =E;sinhy
Ipr = psin0——=—E|

1

4

‘XT =2E; /\/g =X, (7, = O)‘

0<Xx,X%, <1

X2 < XX, <1

31



What are Jets?

E_Private Jets For Sale %

~
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What are Jets?

Whatever objects the jet
algorithm finds!

Tower E; > 0.5 GeV K, D=0.7: Raw P/t

150

CDF RUN 11

\
Run 163064
\, Track p; > 0.5 GeV/c

Event 6753986

U C LIERSTYOF ILUois Nikos Varelas CTEQ Summer School 2009
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CTEQ

Jets

/é - hadrons -

s ;
<_ Fragmentation process

outgoing parton

Hai'd scatter

R = J(An)? + (A$)?

N f
N

Observable /
l Stable MI;IFIB
B\1/ -
A Hadronization
Theory 11/, [
and

CaloJets: Clusters
of Calorimeter
Towers

Genlets: made
from stable MC
truth particles

Parton Level Jets

e Colored partons from the hard scatter evolve via soft quark and gluon
radiation and hadronization process to form a “spray” of roughly collinear

colorless hadrons — Jets

» Jets manifest themselves at localized clusters of energy (or particles)
e Jets are the experimental signatures of quarks & gluons

Nikos Varelas

U Ic H%IEVElF!SITY OF ILLINOIS

CTEQ Summer School 2009
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First Evidence for Jets

First experimental evidence of quark-initiated jets

In e*e- annihilations, SLAC-SPEAR at E_,, ~ 7 GeV
G. Hanson et al. (MARK-I Collab), PRL 35, 1609 (1975)

Gluon-initiated jets were discovered in ete-

annihilations at DESY-PETRA at E_,, > 15 GeV

MARK-J Collab., PRL 43, 830 (1979); TASSO Collab., Phys. Lett. B86,
243 (1979): PLUTO Collab., Phys. Lett. B86, 418 (1979):

JADE Collab., Phys. Lett. B91, 142 (1980)

CTRE/ECAL/HCAL .

O m
:l:gn

E1)‘ Ez) E3

e'e” — qq‘g‘

U Ic H%I%HCEES OF ILLINOIS Nikos Varelas CT EQ Summer School 2009
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Outline

¢ Introduction

QCD

e ee, ep, pp Processes — History of Jets
e Whatis a Jet?

| o JetAIgorithms]

e Jet Reconstruction, Calibration, Performance

e Jet Characteristics
e Jet Energy Profile

Quark and Gluon Jets

e Color Coherence Effects

e Jet Production at Hadron Colliders (Tevatron & LHC)

Underlying Event

Event Shapes

Dijet Azimuthal Decorrelation & Angular Distributions
Inclusive Jet Cross Section

Dijet Mass

e SumMmary

u I c H%ﬁ%igg OF ILLINOIS
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CTE Q

Jet Algorithms

Hadronic

er

| The goal is to apply the “same” jet clustering
algorithm to data and theoretical calculations
without ambiguities

UiC

UNIVERSITY OF ILLINOIS
AT CHICAGO

Nikos Varelas

CTEQ Summer School 2009
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_ ] Jet Algorithms

Hadronic Shiwer Jets at the “Parton Level” (i.e., before
hadronization)

e Fixed order QCD or (Next-to-) leading logarithmic
= o ‘W ---------------- summations to all orders

1252 process‘
LO QCD

Parton showering

outgoing parton
Hard scatter

multi-jet final state H

2-jet final state‘
1 parton/jet

U Ic gﬁgﬁ%ﬁgg OF ILLINOIS Nikos Varelas CTEQ Summer School 2009 38



Jet Algorithms

| The idea is to come up with a jet algorithms

Hadronic SEewer which minimizes the non-perturbative
hadronization effects
1i : ',lL' .' a 111 ':} """" ..'
1 II 1| ‘_n’ .'. \]et
:: ] ? 5

= hadrons

\ Fragmentation process

outgoing parton ‘.,

P | /e .
= .7.' s —_— Hard scatter
| ' "y
< \% Parton showering
+ Hadronization

39

Nikos Varelas CTEQ Summer School 2009
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= Jet Algorithms

Hadronic er

Jets at the “Detector Level”:

» Calorimeter - clusters of energy “towers”
» Tracking - clusters of tracks
» Combination of detectors

¢ Particle Flow

s Calorimeter + Tracks

UI Hﬁgﬁ%ﬁgé OF ILLINOES Nikos Varelas CTEQ Summer School 2009 40




Jet Algorithms — Requirements

e Theoretical:
— Infrared safety T—

— Collinear safety

— Low sensitivity to hadronization
— Invariance under boosts
— Same jets at parton/particle/detector levels

e Experimental:
— Detector independence
— Minimization of resolution effects

— Stability with Luminosity Tevatron RunII report: hep-ex/0005012 ‘

— Maximal reconstruction efficiency

U G LERsTy OF Lunoss Nikos Varelas CTEQ Summer School 2009 41



Jet Algorithms — Requirements

e Theoretical: \ IRC safe IRC unsafe
— Infrared safety 1-jet 1-jet 2 jets 1-jet
: —+co +o00
— Collinear safety \4/ \E/ \47/ \E/
sum is finite sum is infinite

— Low sensitivity to hadronization
— Invariance under boosts
— Same jets at parton/particle/detector levels

e Experimental:
— Detector independence
— Minimization of resolution effects

— Stability with Luminosity Tevatron RunII report: hep-ex/0005012 ‘
— Computational efficiency Tev4LHC report: hep-ph/0610012

— Maximal reconstruction efficiency

U1 C Luversy o unos Nikos Varelas CTEQ Summer School 2009 42



Jet Algorithms — Requirements

e Theoretical:
— Infrared safety T———
— Collinear safety
_ G
— Low sensitivity to hadronization “‘U" §% A~

— Invariance under boosts
— Same jets at parton/particle/detector levels

e Experimental:
— Detector independence
— Minimization of resolution effects

— Stability with Luminosity Tevatron RunII report: hep-ex/0005012 ‘

— Maximal reconstruction efficiency
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Jet Algorithms — Requirements

e Theoretical: \ Collinear Safe Collinear Unsafe
— Infrared safety

— Collinear safety ‘ tﬁ ‘ ‘ :‘jl ‘ ‘ k ‘ ‘ ] ‘
jet 1 jet1 jet1 jet1— |
jet 2
— Low sensitivity to h{ og X (=) 0 X (+e0) g X (=) 0 X (+o2)

— Invariance under b Infinities cancel Infinities do not cancel

— Same jets at parton

e Experimental:
— Detector independence
— Minimization of resolution effects

— Stability with Luminosity Tevatron RunII report: hep-ex/0005012 H

— Maximal reconstruction efficiency
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Jet Algorithms — Requirements

e Theoretical:
— Infrared safety T———
— Collinear safety
_ G
— Low sensitivity to hadronization “‘U" §% A~

— Invariance under boosts
— Same jets at parton/particle/detector levels

e Experimental:
— Detector independence
— Minimization of resolution effects

— Stability with Luminosity Tevatron RunII report: hep-ex/0005012 ‘

— Maximal reconstruction efficiency
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Bl  JetAlgorithms — Types

Types of jet clustering:

»K+: cluster objects close In relative p+
<+lrregular shape, issue for calibration
+Used extensively at LEP and HERA

»Cone: cluster objects close in angle
+Simple shape, unless jets overlap
<+Used primarily at hadron colliders

U Ic H%VIEIEE\E%; OF ILLINOIS Nikos Varelas CT EQ Summer School 2009 46



CTEQ

UNIVERSITY OF ILLINOIS

AT CHICAGO

Jet Algorithms — Types

U

First ‘jet algorithm’ dates back to Sterman and Weinberg (1977) — the
original infrared-safe cross section:

To study jets, we considar the partial cross section
o(E,B,8,¢,8) For e'a” hadron production events, in which all but

a fraction € <<l of the total e’ enerqgy E is emitted within

some pair of oppositely directed cones of half=angle § << 1,
lying within two fixed cones of solid angle 1 {with ré® << << 1)

at an angle & to the -EI'&- beam line, We expect this to be weasur-

o(E,8.0,¢e,8) = ld_afdnl,n[l - tg;;’hz:{.‘sm §+4Lnd in 2¢ +!;.-§}]

Gavin Salam'’s lectures |
CTEQ 2008

Groundbreaking; good for 2 jets in eTe™: but never widely generalised

Nikos Varelas CTEQ Summer School 2009
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Jet Finders: Generic Recombination

e Define a resolution parameter vy,
e For every pair of particles (i,j) compute the "separation’

yi; as defined for the algorithm M i/j

Vi =2
Evfs
o If min(y;) <y then combine the particles (i j) into k
- E scheme: P=Pi*p, -~ massive jets
- E, scheme: E,=E +E, > massless jets
Pt D,
Py =E; ’
pi —l_p_j‘

e Iterate until all particle pairs satisfy y;; >y
e No problems with jet overlap
e Less sensitive to hadronization effects

UG Leisiy o unos Nikos Varelas CTEQ Summer School 2009



CTE Q

UiC

The JADE Algorithm

= s
MU. = ZEI.EJ. (1—-cos QU.)

2

min( yar) = min( 2‘5" )<y, (Esisthesumof all particle energies)
e Recombination: p, = p;+p; ZB)/“
e Problems with this algorithm '

- It doesn't allow resummation wheny,, is small

- Tendency to reconstruct "spurious” jets

i.e. consider the following configuration where two soft gluons are emitted
close to the quark and antiquark

The gluon-gluon invariant mass can be smaller than that of any gluon-quark and
therefore the event will be characterized as a 3-jet one instead of a 2-jet event

X 3-Jet event \/ 2-Jet event

UNIVERSITY OF ILLINOIS

AT CHICAGO

Nikos Varelas CTEQ Summer School 2009
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- The Dli_[ham or “k;” Algorithm

2 - 2 2\
M, =2min(E, E; )1 -cos6,) ‘

M’ .

min(y,) = <Y |Most widely-used jet algo in e*e|

Vis

For small 6, we get :
N2

M.. ~2min( E;, J)[l(li +-.-)J 2min(E’ E? ){9” )Nmm(ké k]})

e Recombination: p, = p;+p;

e It allows the resummation of leading and next-to-leading
logarithmic terms to all orders for the regions of low y,_,

a R
k'r [\ q‘{cr\ QJL n_?_}*‘

\( 2-Jet event

U C Luesmor wnos Nikos Varelas CTEQ Summer School 2009 50



- k; Jet Algorithm: Hadron Colliders

K; Jets are infrared
and collinear safe

There are no
overlapped jets

Every particle, or
detector tower is
unambiguously
assigned to a
single jet

No biases from
seed towers

k;jets are
sensitive to soft
particles and area
could depend on

pile-up

U IC R CHicagy N0 Nikos Varelas

Input: List of particles, calorimeter towers, tracks. ..

éf/-v e
P — P
d. =mn( p: ., ps . : ,,; .::
X ij ]{}T.J}T.j) D_ D....O.4—1 /!
dn‘ = Pr. J o
k. jet Cone jet
AR; - (J';f _J"j)z +(¢: _éj)z
e Min
) d. Pi; = P; +P;
Combine i+j :
E.=E. +E.
No ij i i

Output: List of jets (AR > D)

I Yes /
p «"’\ P
5.D.Ellis, D.Soper, PRD 48, 3160 (1993)1|
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Developments on “k;” Algorithms

e Fast kT Algorithm improves speed from O(N3) to O(N InN)
e G.Salam, M.Cacciari, Phys. Lett. B641, 41 (2006)

e Add ghost particles to determine the area of jets
e Could be used to subtract pile-up contributions

e Already adopted as the default k; algorithm at LHC
e Other recombination algorithms:

ARiZj

d,=p%® d;,=min(p%,p7 2

0 T,i

e p=1 => regular k; jet algorithm

e p=0 - Cambridge/Aachen jet algorithm
e Dokshitzer, Leder, Moretti, Webber '97 (Cambridge) — Wobisch, Wengler '99 (Aachen)
e p=-1->“Anti-k;" jet algorithm
e Cacciari, Salam, Soyez '08
o Soft particles will first cluster with hard particles before among themselves
e Almost acone jet near hard partons
* No merge/split
e Currently under consideration by CMS (already adopted by ATLAS)
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‘ The “Legacy” Cone Jet Algorithm

UiC

e A more infuitive representation of a jet that is given by
recombination jet finders

e It requires "seeds” with a minimum energy of ~ 1 GeV (to
save computing time)

- Preclusters are formed by combining seed towers with their
neighbors within a cone of radius R, =./(n,—n,)*+(¢,—¢,)

- For each precluster the E-weighted centroid is found and a new
cone of radius R is drawn around it

- Iterate until stable solution is found

'Snowmass (1990) |

- CDF: seeds were not allowed to leave the cone (JetClu algorithm)

e Jet cones may overlap so need to split/merge overlapping
jETS o@® Calorimeter E;

@ Jet Seeds

Merge if shared
E> 510-75% of min(E; Er,)
\
D@ - CDF

UNIVERSITY OF ILLINOIS Nikos Varelas CTEQ Summer School 2009
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BEl The Midpoint Jet Cone Algorithm

* Problems with the Legacy (Snowmass) Cone
Algorithm:
e Sensitivity to infrared and collinear radiation

e Not proper 4-vector kinematics used in particle clustering
and in calculating the final jet parameters (produced
massless jets)

e The Solution: Develop the Midpoint Jet Algorithm
e Approximates a seedless algorithm
e Infrared safe at NLO (inclusive jets)
e Proper 4-vector kinematics used in all steps —> massive
jets
e Midpoint Algorithm is used at Tevatron Run Il
(available also at CMS/ATLAS)
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BEl The Midpoint Jet Cone Algorithm

UiC

e Proto-jets are formed by combining seed particles with
their neighbors within a cone of radius R_,,,, using the E-
scheme

e Particles = calorimeter towers, MC hadrons or partons

e Midpoint seeds are added between proto-jets
e Only midpoints between proto-jets satisfying the following
conditions are considered: AR>R_,.and AR < 2xR_,.
e Proto-jets found around seeds and midpoints can share
particles
e Merging/splitting procedure has fo be applied

e Merge jets, if more than a fraction f (50% for D@, 75% for CDF)
of min(pr1.pr2) of overlapping jets is contained in the overlap region

e Otherwise split jets; assign the particles in the overlap region to
the nearest jet

e Keep only final jets with pr> threshold

UNVERSITY OF ILLINOE Nikos Varelas CTEQ Summer School 2009

56



Cone vs k; Jets

800 L B B L R Number of Particles per Jet

- ; 1200F
[ Cone Mean 21

600 g 1000F
500 E [ kT Mean: 27

Cone R=0.7 (Mean of 0.86) 800

400 s -

300 ; 600F

204 . kTD=1.0 (Mean of 1.55) - 400

e ]

e 3 B

109 o, : 200f

A T L S S O ] -

a C . 2 2.8 3 3.5 4 0
AR between jet axiz and furthest particle inside jet 0 10 20 30 40 50 &0 70 80 90 100

* k; jets cluster more particles away from the jet
| centroid than cone jets

'* ky jets have more particles than cone jets
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Stability of Midpoint Jets

» Infrared safety on Midpoint jets works well for 2 —> 3 hard-parton final
state BUT not for 2 —>4 when 3 hard partons could cluster to one jet

* prthreshold on seeds is collinear unsafe
» Seed approach - stable cones missed - infrared unsafety

e Infrared safety is important for

: Ak Midpoint IR Unsafet
reliable pQCD predictions P y
e cancelation of real & virtual oy Hardevent o Hardrsoftevent
divergences 0 ® w o
e Detector imperfections could 0
have an impact to infrared 20
unsafe jet algorithm wf | | ]
e Thresholds, magnetic field st e e S E e
3 aple cones:
effect_s to soft particles Vicoint 128 3) 1283 E 23
e Calorimeter tower Seedless: {1,2} & {3} & {2,3} {1,2) & {3} & {2,3}
segmentation (i.e., two Jets: (f = 0.5)
particles hit a single tower, one Midpoint: {12} & {3} {12,3)
particle showers to two towers) Seedless: {1.2,3) {1.2.3}
° Spurious seeds (pi|e_up’ noise) — IR unsafety of the midpoint algorithm
“Solution: Seedless Cone Algorithm | S e
U C sy o inass Nikos Varelas CTEQ Summer School 2009
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‘ The Seedless Cone Jet Algorithm

| See Gavin Salam’s lectures

Seedless: no seeds — all stable cones are considered
Merge/Split: still applied at the end

Collinear & Infrared safe: now it is added to the name — Seedless Infrared
Safe Cone jet algorithm (SISCone)
e G.Salam, G.Soyez, arXiv:0704.0292, April 2007

Simple approach: take all possible sub-sets of N particles in the event
and final all stable cones
e CPU time ~ O(N2N) — 107 years for N=100 (unrealistic!)

SISCone approach: use geometry to find all distinct circular enclosures
of a set of points (particles)

at CTEQ 2008 ‘

U Ic UNIVERSITY OF ILLINOIS
AT CHICAGO

CPU time ~ O(N2InN)

e Similar speed with Midpoint with seeds >1 GeV

e Slower than Fast k;

Nikos Varelas

(@)

(®)

N

+/

!//--_
L] |." +
‘\-r-_‘-/ J
L]

(©)

Any enclosure can be moved until a pair of points lies on its edge.
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CTEQ

Midpoint vs. SISCone

e Test process 2->4 partons
e Midpoint(0 or 1) = seed threshold at 0 or 1 GeV

10* &=

102 F

-
o
[

do/dps (nb/GeV)
I

10° & — ]
F— —— SISCone (Born level, 0(0{5))

- — NLOJet

| |
inclusive pr spectrum (all y)

__ — |midpoint(0)-SISCone| O(ag)—g

- — R=0.7,1=05

Diffs up to 6/%

pp Vs = 1.96 TeV

107 F — — .
102 | T T
10° [ m— E
1074 - @ | | | | I | | ___.—___
20 40 60 80 100 120 140 160 180 200
0 [ [ [ [ T [ [ [
| (b)
E - = e
S 001 S ]
E ______ i
_002 = | | | | | | | |
20 40 60 80 100 120 140 160 180 200
pr(GeV)
Diffs up to 2%
UIC e or iLnos Nikos Varelas

o
—
o

o
-
=]

0.05

0.00

49 igpoint(1)/dPt / dOgi5cane/dpy — 1

- 0.08 — L— —T ———
| L (a) hadron-level (with UE) - - - -
[=H
EE 0.06 hadron-level (no UE) T
o " parton-level
S 004 . -
7y I el
C -
° 0.02 RPN -
g STt
= 0.00 e S —
= [
g -002 .
E - Pythia 6.4 R=0.7, f=0.5, |y|<0.7 1
-:::, -0.04 | R R
. . a0 100 150 200
| Diffs up to <15%| P [GeV]
C ppils=14Tev )

() hadron-level (with UE) - - -

N hadron-level (no UE)

F . parton-level 7

" Pythia 6.4 R=0.7, f=0.5, |y|<0.7

50 100 150 200
Py [GeV]
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CTEQ

o SISCone is the slowest algorithm

e Fast-kT and Iterative Cone have similar timing performance
e |terative Coneis used in the CMS High Level Trigger

UiC

Algorithm Timing

Jet Reco: CPU time per event

1500 F
1000F

500 -

T " T " T T
CMS Preliminary _|
SISCone R=0.5 (Mean: 5.8)| A
MidCone R=0.5 (Mean: 3.7)] -
ItCone R=0.5 (Mean: 1.5)] |
—---—- Fastk; D=0.6 (Mean: 1.4)] S

______ [

10 15 20 25
CPU time per event [ms]

CMS-JME-07-003

2

| CPU per event vs nCaloTowers above threshold |

D o) L

=

Avg. CPU time per event [ms]

" CMS Preliminary 'Jr:

O [/ sISCone. R=0.5 ]
" | —— MidCone, R=0.5

D_— — ItCone, R=0.5 N
- | Fastk, D=06

OF

of

Oo " 200 400 600

#CaloTowers above E; threshold

UNIVERSITY OF ILLINOIS
AT CHICAGO

Nikos Varelas
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Recap on Jet Algorithms

e There is no such thing as “Best Jet Algorithm”

e There are several algorithms available and they are not
equivalent

e It is difficult for an experiment to fully support many algorithms

e Be careful about Infrared and Collinear Safety
e It Is easier to think in terms of partons

e The most commonly used (so far) jet clustering algorithms:
e |terative Cone (IC) (CMS)
e JetClu (CDF/ATLAS)
e SISCone (LHC)
e Midpoint (Tevatron/LHC)
e (Fast) k; (Tevatron/LHC)
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Outline

¢ Introduction

QCD

e ee, ep, pp Processes — History of Jets
e What is a Jet?

e Jet Algorithms

| o Jet Re'construction, CalibrationI Performance|

e Jet Characteristics
e Jet Energy Profile
e Quark and Gluon Jets
e Color Coherence Effects

e Jet Production at Hadron Colliders (Tevatron & LHC)

Underlying Event

Event Shapes

Dijet Azimuthal Decorrelation & Angular Distributions
Inclusive Jet Cross Section

Dijet Mass

e SumMmary

UIC i e
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What do we Measure?

|Generic Detector | v

U IC LRy OF LLois Nikos Varelas CTEQ Summer School 2009



What do we Measure?

|Generic Detector | N

\ ol
U I c UNIVERSIT .Afﬁous
AT CHICAGD
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Example: CMS Detector

I
am

Ky
Musan
Electran
= Charged Hadren (e, Fien| P
Neutral Hadran deg. Heutron) 7
= = Phatan &

e Detectors
— Silicon tracker: pixels and strips (|| < 2.4)
— Electromagnetic (|| < 3) and hadronic (|n| < 5) calorimeters
— Muon chambers (|| < 2.4)
— Extension with forward detectors (CASTOR 5.3 < |5| < 6.6, ZDC |n| > 8.3)

resolution coverage
gp/PT = 1-5% pT Inl<2.4
o/E = 3%/ E+0.5% Inl<3

oE = 100%/ E+4% In <3 barrel
In|<5 forward

gy /PT = 10% pT (1 TeV) | Wmi<24
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Example: CMS Detector

Superconducting CALORIMETERS
Colil, 4 Tesla ECAL HCAL

T6k scintillating Plastic scintillator/brass
PbWO4 crystals sandwich

IRON YOKE

TRACKER

Pixels
Silicon Microstrips

210 me of silicon sensors
9.6M channels

MUON
ENDCAPS

MUON BARREL

Dnft Tube Resistive Plate
Chambers (DT) Chambers (RPC) Cathode Strip Chambers (CSC)
Resistive Plate Chambers (RPC)

Total weight 12500 t
Overall diameter 15 m
Overall length 21.6m
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Muon o —.5 4l
chamber's 'ﬂ#r“
s*.‘r-_ﬁ £

i
r ';,;t.

i § .‘IH" 1 sely
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CTEQ

Jet Input Flavors

e Calorimeter Jets

e Clustering of energy depositions
e EM+HAD towers

e Track Jets

e Clustering of tracks
» Sampling only charged particles

e JetPlusTrack

e Calorimeter jets with energy corrections based
on tracks

e Particle Flow (PFlow)

U Ic UNIVERSITY OF ILLINOIS
AT CHICAGO

e Clustering of identified particles

Nikos Varelas CTEQ Summer School 2009
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Challenges with Jets

¢ Triggering on Jets
— reduce rate from ~2-40 10° to ~100 Hz (multiple triggering stages)
— Iimplement fast/crude jet clustering algorithms for low level triggers

¢ Selection of a Jet Algorithm
— at detector, particle, parton/NLO++ level

¢ Jet Reconstruction, Selection, and Trigger Efficiencies

¢ Jet Calibration
— corrections back to particle jet (detector response, pile-up,...)
— parton showering, hadronization, and multiple interaction effects

¢ Jet Energy/Position Resolutions
— difficulties with low-p; region and near reconstruction threshold
— unsmearing of observables

¢ Simulation of Jet/Event/Detector Characteristics

— precision of detector modeling vs CPU time
— ability to overlay zero/minimum-bias events from data

— tuning of fragmentation model, selection of PDF, hard scale parameter Q, ...

— Interface a ME event generator with a parton-shower simulation
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Jet Energy Calibration ef;.m%e”

iy
==

o Offset: noise, pile-up, multiple pp

e Jet energies are calibrated to Jet Energy Uncertainty ~ 1%
particle level
part _ p—?alo — Offset E on
! R esponse < OUt_of_Cone_Showering S

: c EM
Interactions
e fract_ion pf particle jet g
energy deposited in the S =
y = 2
calorimeter &

oooooooooo

e measured In situ using p+
balance in y/Z+]et events

e QOut of Cone Showering: account
for energy emitted inside (outside)
the jet cone but showered outside
(inside) the calorimeter jet cone
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Jet Energy Calibration lexﬁ%.eu

CMS-JME-07-002

CMS develops a factorized multi-level jet correction

Required Corrections Ciptional Corrections
>
= | EEE - ) -
Correct CaloJets to have same pT correcctions back to
as Genlet on average parton level quantities

+ Offset: correct for Pile Up and electronic noise in the detector (measure in zero-bias data
+ Relative(eta): variations in jet response with eta relative to a control region

+ Absolute (pr): correcting the pr of a measured jet to particle level jet versus jet pr

+ EMF: variations in jet response with electromagnetic energy fraction

+ Flavor: variations in jet response to different jet flavor (light quark, ¢,b, gluen)

4+ Underlying Event

+ Parton: correcting measured jet pr to the parton level

w derive from MC simulation tuned on test-beam data at start-up,
data driven when available, on the long term from simulation tuned on

collision data
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CTEQ

Jet Energy Resolutions

-Illlllllll

Perfect detector: Real detector:
observed : [~ —(x—-1)°
T —_ - — 2ot
= particle ~ 1 ! _E f =Ade
T

Resolution=o ( f)

non-zero asymmetry in p, given by:

( Jetl jet? ]I

Pr —Pr

A= e fet?
(p7"+p7")

where jet1 and jet2 are

the 2 leading jets in the event

asymmetry distribution by: - (p_)

Pr

= In true dijet events jets should balance exactly in p..
In reality we usually see a small third jet contribution and a

» The calorimeter resolution is related to the width of the

where Y 4 is a sigma of the asymmetry distribution

'y

DB Run Il Jet Resolution

-

=3 E-—
n."n'
jet2 et ] I°
g e 0.2
jetd 015 Y
oA
— 0,08
V20, [

0.8 fb-1

B T
-
-

2]

U I UNIVERSITY OF ILLINOIS

ATCHICAGO Nikos Varelas
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_ ] TrackJets

e Tracking momentum is more accurate than calorimeter
measurement for up to several hundreds of GeV

 The charged energy fraction in jets is about 60% ¢ Reso|ut|on|
e With significant resolutions ~0.3 f,, : 0 ' cws pretiminary
=3 Do, KT 0.6 Jet & resolution Ik 2
0.05 A m  Tracklets (quarks =
e Cluster tracks pointing to the vertex : i
004 CaloJets (gluon _:
Jet Energy Response - E
- = - = 0.02f S = S
o [ KT 0.6 Jot anargy responss i 2 CMS Preliminary = C : _xn._.._. .
i E.Z: i o ag 001f- &\ﬁﬂgw'w“%
LE & Tracklets {giuons) —EI"'E__ET___?-_-é'ﬂ-aE ' ' e
07 E_ A& Calodets Iialgu:ﬂs] __..E-'"ff::.ﬁ o = 102 GE” (GeV/c) o’
I " E T — Im Resolution|
B T T e e . 5 E I Insz'imina
GEE = hr:T_H '-"‘i'--__i o _E % D{?g: g I{[':I'T.iitqlr\esalu_tri?r:n ks 2
o " - B 2. [ ] TrackJets (quarks)
04F o = 0.04558 5 A Y ke v
5 - 0.04E : A Caloets (gluons)
D.EE E 0.035F
20— v 1l R S S = 0.03E
pee GeVic) ” N
CMS-JME-08-001 E
UIC it Nikos Varelas CTEQ Summer School 201 méfen (GeVic) v 73




JetPlusTrack Algorithm ™

EJet _ 100 GeV The goal of algorithm:
correct calorimeter jet
energy to the energy

o8 GE“ of particles at vertex.
out-of-calo-cone track
/ in-calo-cone track

Basic algorithm steps:

1. Subtract average expected
response of “in-calo-cone”
tracks from calo jet energy
and add track momentum

2. Add momentum of “out-of-
cone” tracks

Jet axis

EIPT = E}gm calo A fz_gp + E (Puk - < Effj,{ﬂ :-"'j + E Pirk + ﬂE:rk.:’ne_;I"f

in—cone trk ouf —of —cone frk

+ X (pp — 2GeV),

MuONS
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JetPlusTrack Algorithm

SRR imi
S N S, _ CMS preliminary

=R T T T | | |
e >
000 m|<1

« gluon-jets
o quark-jets

i
i
i
.
I
I
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Particle Flow Algorithm =

CMS-PFT-09-001

Reconstruct and

identify all particles

+ Charged hadrons

+« Photons

+« Neutral hadrons

+ Electrons (also non isolated)
+« Muons

Identify and utilize an nptinﬁal combination of all (CMS)
sub-detector information

Provide a unique list of particles
+ for a global, coherent, accurate event description
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e ar et IO Aot S

CMS-PFT-09-001

HCAL
Clusters

ECAL F[LLI .iIL
Clusters = ]

Tracks %
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e ar et IO Aot S

CMS-PFT-09-001

HCAL
Clusters

ECAL
Clusters

Tracks
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Particle Flow Algorithm .
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PFlow Algorithm Performance

| CMS Preliminary | | | | CMS Preliminary | |
c o6p 11 Resolutlon @ HB el ¢ Resolutlon @ HB
e - o -
5 o4t T o R e e o e =
% 0.1 2: 1 a ParLicIe-Fi'cxﬁ.:ets § 0.12 :\\ """"""" - == Particle-Flow Jets "™ P F I O W
e 01: o 01: \». _____ 3 I BP e
= T i = “E []\ TERETE “““
0.08= 5 0.08 SN » NSNS A TS S S
0.06F \\D 0.06F
0.04F }hﬁ“‘k 0.04/——
[ —— o —
0,02 _,t"“&-*—-ﬂ-—a—aa - 0.02F
> 10° 0" 102
P- (GeVic) P; (GeVic)
[© | 0
- Jet Energy Resolutlon @ HB " Jet Energy Response @ HB ||
Q = o
"E 04;\%’\ —B— comeciss Cako-uts % u—
© oasE 2 - e *
] E \\q —i— Particle-Flow Jabs E _
x  03F —T < -0.2F e
& o02sf —— S aF -l
a = T
c  0.2f < E_df
ﬂ,‘, DAt 3"‘“-1% 067 S
=2 ﬂ,1; B e ;n‘_j:‘_f:::?:ﬁﬂ‘ -U.EE == Calo-leis
0.05F _"':jzr‘ s vem<is
ot 0 A""f00 200 300 400 500 600
p, [GeVic] P, (GeVic)
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Outline

¢ Introduction

QCD

e ee, ep, pp Processes — History of Jets
e What is a Jet?

e Jet Algorithms
e Jet Reconstruction, Calibration, Performance

» Jet Characteristics
e Jet Energy Profile
e Quark and Gluon Jets

e Color Coherence Effects

e Jet Production at Hadron Colliders (Tevatron & LHC)

Underlying Event

Event Shapes

Dijet Azimuthal Decorrelation & Angular Distributions
Inclusive Jet Cross Section

Dijet Mass

e SumMmary

UIC i e
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B Jet Energy Profile (Jet Shape)

e Motivation:

e Jetshapes probe the transition between a parton

produced in the hard process and the observed spray of

hadrons
Sensitive to the quark/gluon jet mixture

Test of parton shower event generators at non-

/perturbative levels

Useful for jet algorithm development and tuning 08

0.6

e Challenges

e Dependence on parton shower and hadronization
models

e Corrections need to be examined for different 0
tunes/generators

0.2

fractional contributions

e Sensitive to particle calibration at low energies
e MC tuning of calorimeter and tracker is critical

e Sensitive to detector resolution, noise, pile-up effects

e Sensitive to initial state radiation effects and the

underlying event

UNIVERSITY OF ILLINOIS
AT CHICAGO

Nikos Varelas CTEQ Summer School 2009

04 [

Mostly Gluon Jets ||
4

,/

0.2 04 X

4
1 0.05 L 0.1

T ]
inclusive jets: Tevatron Run Il ]

lyl<0.4
qq — jets -

gq — jets

gg — jets

E[IIO
pr (GeV)

100

400
A
I

I
I

Mostly Quark Jets ||
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Jet Energy Profile (Jet Shape)

* Motivation:
e Jetshapes probe the transition between a parton

produced in the hard process and the observed spray of

hadrons
e Sensitive to the quark/gluon jet mixture

|Gluon Jets |

o
‘\

e Test of parton shower event generators at non-
/perturbative levels

e Useful forjet algorithm development and tuning

Jet Fraction

e Challenges

e Dependence on parton shower and hadronization

models
e Corrections need to be examined for different

—— GiluonJets
-------- QuarkJets

CMS PRELIMINARY

pp @ 14 TeV

L v v b v v v b b b Py gy
1000 1500 2000 2500 3000 3500
Pt [GeV]

tunes/ generators

e Sensitive to particle calibration at low energies
e MC tuning of calorimeter and tracker is critical

e Sensitive to detector resolution, noise, pile-up effects

e Sensitive to initial state radiation effects and the
underlying event

U I G Lveasiry oF Lunoss Nikos Varelas CTEQ Summer School 2009
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Bl Jet Shapes: Energy Profiles

|Definition: Integrated Jet Shape is defined as the average
fraction of jet transverse momentum that lies inside a
cone of radius r concentric to the jet axis

p; (0, 1) _ PQCD Contributions ||
Y(r)= Y(R) =1 |
jetS ; Pr (O R)

narrow et

7

radiation inside
the jet

r

| Quark jets are narrower ‘

|Soft radiation from”
than gluon jets

outside the jet
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Bl  Jet Shapes at Tevatron o

Y 1 & -
g - i
0.756 - & —
| - = "4 -- gluon—jet N
"-9—:’ 05 ... quark—jet N
B ' ’f __ #* jet
-/ F:Ti't > 37 GeV/c ¢ Py > 340 GeV/c
- - jet
0-25 E PTH <45 GBV/C [ |T |<| 3|80| G|ev|/(|:
eI N T |0 0.5 I’/R 1

r/R

Gluon enriched jets (low-x/low-p+ jets at Tevatron) are
“broader” (i.e. less collimated, higher multiplicity of soft
energy particles) than Quark-enriched jets (high-x/high-p jets)

Consistent with results from LEP and HERA
___(aJetis a Jet no matter where you measure it!)
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Quark & Gluon jets radiate proportional to their color factor:

g

q Z | ~Ce=48

2

‘g—égg ~ C, =3

<n, > < gluon jet multiplicity >

}z"‘

<n,> <quark jet multiplicity >

At Leading Order (Ej, —>): 7~ E*’ = z =2.25

F
With higher order corrections at E; . wep) ~ 40 GeV: 77 ~ 1.5




Jet Shapes at Tevatron o

04 . 04p '90,;
2 C Midpoint Algorithm (R=0.7) o C Midpoint Algorithm (R=0.7) ,1‘1~
0.35 - N [ 73% gluon
M Ny 0.35
S ® DATA S [ ® DATA
5 L —PYTHIA Tune A ~ C — PYTHIA Tune A
S 0.3f E S 03} }
I C ----=PYTHIA | i gluon—jet
- e T — PYTHIA (no MPI) o2 % quark—jet
e o HERWIG C 0.1 <IY"I1<0.7
02~ 0.2
- 0.1 <IY*1<0.7 20% ghuon
0.15 - 0.15 - ¢ S G S E I
L 2.?% quurl;n""--..__ ----------------
0.1 — 0.1 — i
0.05 |- 0.05 [-
L L 80% q:uark
0 Ly | ! | ! | ! | ! | ! | | | ! 0 ) | | | | | ! | ! | | | | | |
50 100 150 200 250 ’“300 350 50 100 150 200 250 ’“300 350
P/ (GeV/c) P/* (GeV/c)

|Data vs MC Predictions| |Gluon = Quark jets |
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U I UNIVERSITY OF ILLINOIS
AT CHICAGO

'Quark jets are
narrower than
Gluon jets

wpir)

120
U 8 @
- ]
0.8 ¥ ‘
N ™ #
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¥ Quark jsts
ok 10pb° ® Cuark jg
B ® Gluonjets
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- 10pb’’ * Quarkjets
0.4
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I I I I T I T
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':‘ &
: L ] l l
0af ¢
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D.E_— H‘.}‘
B 5 o Quark jets
0.4 10pb :
L 140<P7"<180 GeV m Giuon jeis
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120
1 e @
C 4 g @
08 $ %
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- .
oib 10pb o Quarkjets
L 1
x 1000<PT<1400 GV e
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Jet Shapes at LHC: g/g mix

CMS-QCD-08-005

12P(r=0.2)

-y
(=]

=
3

0.3

0.2

0.1

=

CMS PRELIMINARY

Js =14 TeV

= (jlUoN jets

----- quark jets
particle jets

e corrected calojets

PYTHIA DWT
SISCone R=0.7

10pb™!

|Gluon = Quark jets |

800 1000

Jet P [GeV]

UNIVERSITY OF ILLINOIS

Nikos Varelas
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Color Coherence

Property of gauge theories. Similar effect in QED, the “Chudakov effect”

observed in cosmic ray physics in 1955
Y

6 >6

ee ey

In QCD color coherence effects are due to the interference of soft gluon
radiation emitted along color connected partons

Two types of Coherence:

— Intrajet Coherence
« Angular Ordering of the sequential parton branches in a partonic cascade
- Affects distribution of particles in jets

— Interjet Coherence
« String or Drag effect in multijet hadronic events

- Production of soft particles is affected by the presence of energetic partons
from hard interaction

UNIVERSITY OF ILLINOIS
AT CHICAGO

Nikos Varelas CTEQ Summer School 2009
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Shower Development

“Traditional Approach”

=» Shower develops according to pQCD into spray of partons until a
scale of Q,~ 1 GeV

=» Thereafter, non-perturbative processes take over and produce
the final state hadrons

=» Coherence effects are included probabilistically (e.g., Angular
Ordering, color dipole) and in the hadronization model

N %o
i oy
P(z = CFl_lt__
| DGLAP Splitting Kernel (fé TP/
TTTOO 2 000 &

g — gg B 9 —qq

o 4+,.1(J{El)_”)4 Tp (2 + (1 - )2)
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Shower Development

“Traditional Approach”

=» Shower develops according to pQCD into spray of partons until a
scale of Q,~ 1 GeV

=» Thereafter, non-perturbative processes take over and produce
the final state hadrons

=» Coherence effects are included probabilistically (e.g., Angular
Ordering, color dipole) and in the hadronization model

Local Parton Hadron Duality (LPHD) Approach”

=>» Parton cascade is evolved further down to a scale of about

=> No hadronization process; Hadron spectra = Parton
spectra

(1}

= Simplicity. Only two essential parameters (Aqcp and Q)
and an overall normalization factor
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- About Event Generators

)] e Event Generator: a (“C++” or “Fortran”) program that
tries to simulate Nature!
e Events vary from one to the next (random numbers)
e Goal: reproduce average behavior and fluctuations of
data
- But using many parameters that need to be tuned to data...
° Event Generators typically include:
« Parton Distribution functions (PDF)
» Initial state radiation (ISR)
+ Hard interaction
« Final state radiation (FSR)
+» Color coherence
+» Beam remnants
O +» Multiple Parton Interactions (MPI)
N "
\

“awil

Hadronization and decays
e Some programs in the market:
D < PYTHIA, HERWIG (+JIMMY), SHERPA, JETSET, LEPTO,
ARIADNE, ISAJET, COJETS...
e Some parton-level only:
+ ALPGEN, NLO++, MADGRAPH, VECBOS, NJETS, JETRAD,
HERACLES, COMPOS, PAPAGENO EUROJET
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CTEQ

particle jet

About Event Generators _

= (g 2 parton

U Ic UNIVERSITY OF ILLINOIS
AT CHICAGO

Event Generator: a (“C++" or “Fortrar’
tries to simulate Nature!

Events vary from one to the nex* numbers)
Goal: reproduce average beb fluctuations of
data

- But using many param-, ed to be tuned to data...

Event Generators tvs
» Parton Distrib1”

« Initial state -
. Hard int 0

ronization and decays
e programs in the market:

> PYTHIA, HERWIG (+JIMMY), SHERPA, JETSET, LEPTO,
ARIADNE, ISAJET, COJETS...

Some parton-level only:

+ ALPGEN, NLO++, MADGRAPH, VECBOS, NJETS, JETRAD,
HERACLES, COMPOS, PAPAGENO EUROJET

Nikos Varelas
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Hadronization Models

e Independent fragmentation
- it is being used in ISAJET and COJETS

- simplest scheme - each parton fragments independently following
the approach of Field and Feynman

e String fragmentation
- it is being used in JETSET, PYTHIA, LEPTO, ARTADNE

String Fragmentation: Separating
partons connected by color string
which has uniform energy per unit
length, corresponding to a linear
quark confining potential

e Cluster fragmentation
- it is being used in HERWIG

Cluster Fragmentation: Pairs
of color connected neighboring
partons combine into color
singlets.
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Color Coherence Observations

=) ete-|nteractions:

First observations of final state color coherence effects in
the early '80’s (JADE, TPC/2g, TASSO, MARK Il Collaborations) (“ String” or
“drag” effect)

g
q ! TR
q q
ete"—>qqy e'e"—>QqqQqg

Depletion of particle flow in region between g and
d jets for ggg events relative to that of qqy jets
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Coherence Results from LEP

e'e >qqy Vs e'e —>qqg

(@)

3
:E « qq7 data OPAL B
é 1 g o Multihadrons a% You = 0.007 &
9]
-1
10 =
77 Yo P P T PN UL L T
0 S5 100 150 200 250 300 350
deg.
Particle flow in event plane ¢ (deg.)
H _I T | LRI I Tl | rrr I LA | | I LILILIL | T I LRI I T I_
T L i
5 B OPAL (b) -
E 1 You = 0.007 —
£ == == 4
~ qay 998
1 = * / * |
10 F = T s -
- ++_+_++—D— b LTI ]
C N Sy .
CLL L | I I L1l | L1l 1 | 111l I ! L1l I Linl I L1l
- 0 01 02 03 04 05 06 07 08 09 1

Leading quark jet ||

Particle Flow

Gluon jet

2nd quark jet

Leading quark jet

gluon jet or photon

LPHD calculations

‘ Data agree with analytic

" String effect

X 5= @paricte - Pject)/ Bijerz - jert)

2nd quar:'k jet ||

UNIVEHSITY OF ILLINOIS
AT CHICAG

Nikos Varelas

CTEQ Summer School 2009

101



Coherence Observations

==) NP INteractions: (observed in 3-jet and W+jet events)

Colored constituents in initial and final state
(more complicated that e*e-)

SN
SN

| Emission from each parton is confined to a cone
__stretching to its color partner
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Coherence Results from Tevatron

g(Jet)

Beam

Beam

Compare pattern of soft particle flow
around jet to that around (colorless) W

U Ic UNIVERSITY OF ILLINOIS
AT CHICAGO

Nikos Varelas

CTEQ Summer School 2009
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Coherence Results from Tevatron

Soft gluon radiation Initial-Final State
preferentially emitted Constructive interference
in the event plane :

ty
ay
]
.....
uy
Ty
[

/s
73
| S |Event Plane
<
| S P =0
® 1
1 = (uud)
>
| ¥ /
/ —
v ! o« D
[
/ g
/ o) (uud)
/
/
/
‘W
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Ratio of particle multiplicity around the Jet to that around the W

DO

Multiplicity higher around

jet than around W
Multiplicity around jet
peaks in event plane

Observations consistent

with coherence models

in Pythia (Angular Ordering
+ String Fragmentation)
and in LPHD calculation

U Ic UNIVERSITY OF ILLINOIS
AT CHICAGO

Jet/W Tower Multiplicity Ratio

12

| 5 PYTHIA (AO ON, SF)

| . PYTHIA (AO OFF, SF)

1l

©

(D

I : 1004
$+ Piaga= s y
== [ U S
ot 3 5 .
- o Data . o Data

L el s

A
1 e Data | @ Data
|« PYTHIA (AO OFF, IF) [ MLLA+LPHD
] 11:.1l’4 :ru|’2 37L/4 0 mlf4 31:.:|’2 311|:!4 T
?
Near Beam 5 18 Far Beam
® Count particles (towers) in annulus around W & jet
o W does not contribute to particle production and

n

Nikos Varelas

serves to “normalize” jet data

CTEQ Summer School 2009
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Outline

e Jet Production at Hadron Colliders (Tevatron & LHC)

e Underlying Event

Event Shapes

Dijet Azimuthal Decorrelation & Angular Distributions
Inclusive Jet Cross Section

Dijet Mass
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Tevatron Complex

Booster

U Ic H%IEVI%HSITY OF ILLINOIS

- ' L-': Cn
: _up_‘ﬂs*z;_ p

1.96 TeV

Main Injector
& Recycler

St e

Nikos Varelas

CTEQ Summer School 2009

Run I
1992 1996
Ecm = 1.8 TeV
~120 pb-1

(0.63 TeV ~600 nb-1)

Run IIA
2002-2005
ECM - 1.96 TeV
~ 1.5 fb-!

Run IIB
2006 -
ECM = 1.96 TeV
~ 5.5 fb-!
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Luminosity

Run Il Integrated Luminosity 19 April 2002 - 14 June 2009
" Delivered 6.9 fb-!
.| |Data-taking efficiency > 90% |
6.0 /lg\

_ 4
: o 7/ | [Recorded 6.1 fb-1]

. .

35

3.0 //
25 / /

Luminosity (/fb)

N
™~
S

L

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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LHC

‘The LHC Machine and Experiments

-- The Future is (almost) Here...

Luminosity: T
First phase =
W S C -
- = i = aogPointE ggf:nas
High lumi phase | - Point 1 i Point 2
10%* cm2s" i b e

Beam Crossing
25 ns

g~

eHigh Energy = factor 7 increase w.r.t. present accelerators
eHigh Luminosity (# events/cross section/time) = factor 100 increase

U I G Lveasiry oF Lunoss Nikos Varelas CTEQ Summer School 2009
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At 10:00 CMS saw the
beam pass through the
experiment for the first
time ever, in the
clockwise direction.
The beam was initially
intentionally stopped
by blocks around 150
meters before CMS

(2 10° protons),
producing these
images of the debris or
"splash"” from the
particles hitting the
blocks.
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Sept. 10, 2008: First Protons

Startup in the Fall’09

Month Max # of Peak Integrated

Bunches Luminosity Luminosity

1 Beam Commissioning

2 43 1.2 x 1030 100 — 200 nb-!
3 43 3.4 x 10%° ~ 2 pbt

4 156 2.5 x 103! ~ 13 pbt

5 156 4.9 x 103t ~ 25 pb!

6 720 4.0 x 103! ~ 21 pbt

7 720 1.1 x1032 ~ 60 pbt

8 720 1.1 x10%2 ~ 60 pb!

9 720 1.1 x10%2 ~ 60 pb!
10 lons

Total Luminosity: 200 — 300 pb-1
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Physics at LHC

e Total cross section ~ 100-120 mb

e The goal at startup iIs to re-
discover the “bread-and-butter”
physics (i.e., QCD, SM candles)
* 0jt(P7>250 GeV)

e 100x higher than Tevatron

e Electroweak
e 10x higher than Tevatron

e Top
e 100x higher than Tevatron

» QCD processes not statistics
limited!

5 (proton - proton)

1ub

1 nk

Farmilabh S5C

CERM LHC

[
1.0 10 100

u:rr‘f2 S

Tk

Evantz [ zoc for f
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Bl what is Underlying Event?

e The “underlying event” consists of the “beam-beam remnants” and from
particles arising from soft or semi-soft multiple parton interactions (MPI)

e Underlying event is not the same as a minimum bias event

e Modeling of UE is important ingredient for jet physics and lepton
Isolation, energy flow, object tagging, etc

“Soft” Collision (no hard scattering) NO hard scattering
“Min-Bias” event

ala R. Field

AntiProton

Hard Scattering Outgoing Parton
Initial-State F\;adiation PT(hard)
Hard Scattering “Jet” Outgoing Parton l ..: Yoz

“Hard Scattering” Component

—

AntiProton

Proton

g Final-State Radiation
Outgoing Partonf ¥

Underlying Event Underlying Event

F ~ "|' 2
" 2 B Proton i
E dekl’State Radiation AntiProton

Outgoing Parton/ Y Underlying Event Underlying Event

“Underlying Event”
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Bl what is Underlying Event?

e The “underlying event” consists of the “beam-beam remnants” and from
particles arising from soft or semi-soft multiple parton interactions (MPI)

e Underlying event is not the same as a minimum bias event

e Modeling of UE is important ingredient for jet nhysics and lepton
Isolation, energy flow, object tagging, etc \V‘

“Soft” Collision (no hard scattering) I : & attering
ala R. Field oy % o A 6 jas” event
2°
\ Hard Scattering Outgoing Parton
Initial-State F\;idiation PT(hard)

Hard Scattering.. - @@
6 “Hard Scattering” Component

Initial-State Ratigagf’
N /

Proton AntiProton

g Final-State Radiation

Underlying Event Underlying Event

—
/ \

& 3@ State Radiation AntiProton

Outgoing Parton/ Y

“Underlying Event”
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Underlying Event at LHC

e Large model de
Tevatron data

U IC R CHicagy N0 Nikos Varelas

pendence on LHC predictions from

oy
N

Transverse <N, >
[y
]

| A PYTHIAG.214 - tuned
| = PHOJET1.12

| @ CDF data

B | :;.%mefzﬂmﬁn v Ix

Pythia LHC

Phqjet

a a0 :*A*'_A:ﬂ“ **+*+

30 40 50

P, (leading jet in GeV)

1.5

ATLAS

CTEQ Summer School 2009
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Underlying Event at CMS

. Stud track multl licity and p; density in teds
“transverse’ jet reglon
e CDF approach < k% e
e Use “track jets” identified with ICone algorithm e
e e 8
Statistics as for 100/pb PR N e -
S_III|III|II\|\I\|\I\|I\I‘I\I‘\\\‘\\\|\I\_ Decrease \t““"__,*" A ““.. ‘ ;
~ Tracks: RGN L\ [SUE EmEllE BTECE | S
25F tueso | with ratio: 0.9/1.5 &
- pr>900 MeV [ fuese | |
B 9 i K I R R R R RN R RN R
20 |n| < 2 ~_RECO ] - — Tune DW 1
=3 - _ _ ] 28} Tracks ~Tune DWT | ]
S 150 Different Pythia tunes | | 5 a6 lscevertsaeve] |-etuneso | -
% B . E e i <2 -E'-RECF).
1} fl D@W%%ﬁ Eiﬂajm%%n 1 Th By 5 _DO; 2.2: .‘\\ CMS Preliminary
L 'l'.fl : = 2 g\ e
C 1 3L A
0.5 | Sl T CMS-QCD-07-003
;ZTII | | 111 | I-.Ii\.l L 11 | L1 \Il_!\EIR‘I\/\\/IIQ\ \r‘](\)\ M\FI)I\_ 18: Y ]
0 20 40 60<:h89%et1 00 120 140 160 180 20( 1.6 "
p; = [GeVic] 02040 50, 80. 00120 140 160 180 201
Pl [GeV/c]
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Event Shapes (1)

* Motivation:
e Test pQCD using collinear and infrared safe observables
which are sensitive to the topology of the event

e Can be used to distinguish between different MC models of
QCD multi-jet production

e Could help in searches for new physics signals

e Normalized event shape distributions are robust against jet
energy calibration and resolution effects

e Challenges

e Corrections to the particle level

* Jet energy/resolution effects around low p;-threshold - avoid low
values

e Instrumental backgrounds to multijet events
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Em Event Shapes (2)

Central Transverse Thrust: |

CMS-QCD-08-003
& AT h = TL C

E — D,.en
7. - =1for 2 — 2 process T, . = max Z ‘ P, UT‘
7, - =1/2 for homogeneously distributed event ' Zi Py

CMS preliminary
O 1= L N I R BN RN B

F QCo-Mukljets -4
0.16 - ke-aign, E_ = 50 Gav ﬁ =
[ E— I

cormectad CaloJets (PYTHIA)
L_

----- Gendats [FYTHIA) - _['[ 1

| |

=
IIIIIIIIIIIIIITIII'III'III
[

"
| ' s-naTev :
0.06 | 4H_I
0.04 —I'r' 10 pb-! || _
TEED L i sys+stat errors LE;
.‘ : .‘ I:l:ﬁ- 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
T=1 -14 -12 -10 -8 -& 4 .2
logr - :
1 Systematic Errors from

JES and Resolutions ~ 2-10%
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High-p; Jet Production

 Motivation:
e Confront pQCD calculations
e Inputto PDF/a, determination

e Sensitivity to new physics (e.g., quark substructure, new particles
decaying into jet final states)

e Understanding of background for other analyses
e Test LO Matrix-Element + Parton Shower generators

* Theory challenges

e Correct parton-level pQCD predictions to particle level (e.g.,
hadronizaton, MPI)

e Understand non-perturbative effects for different jet algorithms

e Tuning of fragmentation model, understanding of PDF/Q-scale
uncertainties

e Incorporate new physics models
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High-p; Jets Tevatron - LHC

DA N for 700 pb* [y[<0.8

CMS: Nis / pb™ |y|<1.3

D@: # evts for M; >1TeV, 700 pb-*
Myl nzl < 2.4

For CMS: # evts/M;/pb-*
Inylsm,| < 1. 3

U Ic E%IEVEFSITY OF ILLINOIS Nikos Varelas

Sqrt(s) pT>0.5TeV | pT>1TeV
2 (D) |34 (700 pb1) -
6 50/ pb-! 0.3/ pbt
10 320/ pbt 5/pbt
14 860/ pb-! 20/ pb-t
Sqrt(s) M;>1 TeV M; >1.4TeV | M; >2 TeV
2 (DY) | ~200 (700 pb1)
6 8.4/ pb1 0.6/ pb1
10 50/ pb-t 7.4/ pbt
14 140 / pb-t 20/ pb-!

CTEQ Summer School 2009
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_ ] DijetAZ|muthaI Decorrelation DO

PRL 94, 221801 (2005)

10 55— D@ ,' o
f ® PP > 180 Gev (x8000) &

10 'F o 130 <pf™< 180 GeV (x400)

C ® 100 < p'™* < 130 GeV (x20) ,# ¥ i

(o)
3

= =[5

1/6 et ACiier / AAD ey

103;_D 75 < py® < 100 GeV

2-jet event 3-jet event 10 %L A
Jet 1 : "’ - . ! > ’l'
Jet 1l 0 ;_ A ,, - ,', =

Jet 3 i ,

A¢<TC L . ,1 _a -"
Jet Jet 2 c < | S — NLO
o - --== LO

NLOJET++ (CTEQ6.1M)
Mp =y = 0.5 pr**
| ‘ 1 1 L | 1 1

3n/4 T
Ad g (rad)

Ad dlstrlbutlon of leading jets is
sensitive to higher order
radiation w/o explicitly measuring
the radiated jets
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_ ] DijetAZ|muthaI Decorrelation DO

PRL 94, 221801 (2005)

10 55— D@

43 ® pX > 180 GeV (x8000)

10 "E 0 130 < p@*< 180 GeV (x400)
- m 100 < p"* < 130 GeV (x20) ,%°

108L 0 75<pf*<100 GeV

4 ;;:’ ;; N
=X =~ [ =8

2-jet event 3-jet event

Jet 1 &
Jet 1 10 _
Jet 3 s 4
Ap<T 1 B,
_1_
Jet Jet 2 10 E

_.*"— HERWIG 6.505

1/6 461 AOgjier / AAD et

2

10 2k

Ad dlstrlbutlon of leading jets is 05 T Seva
sensitive to higher order N .
radiation w/o explicitly measuring /2 3/4 .
' ' i L -, (rad
the radiated jets M ISRl! A 4oy (rad)
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Use high-p- jets to search for New Physics

Nikos Varelas CTEQ Summer School 2009




Compositeness and Large Extra D|m

g Quark Compositeness:
e For +/§ << A the composite interactions can be represented by
contact terms: g2 q q
qu = iWqu q.9.7,.9.
e Eichten, Lane, Peskin, PRL 50, 811 (1983)
o A= - point-like quarks

e A=finite = substructure of mass scale A

» Large Extra Dimensions (LED) >w< E }{g

e |[n the ADD Model:

 N.Arkani-Hamed, S.Dimopoulos, G.R.Dvali, PLB 429, 263 (1998), et al.
e 3+n spacelike dimensions
e n dimensions compactified to a n-torus with radius R
e R~1 mm for n=2, R~3 nm for n=3, ...
e All SM fields are confined to a 3-dim membrane (brane)
e Only gravity propagates in all dimensions (bulk)
e Mass hierarchy problem is solved

e The unification scale can be lowered to M,~TeV
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TeV-! Extra Dimensions

e In the TeV-! Extra Dimension Model
o K.Dienes, E.Dudas, T.Gherghetta, Nucl. Phys. B 537, 47 (1999)
e A.Pomarol, M.Quiros, PLB 438, 255 (1998)
e |.Antoniadis, K.Benakli, M.Quirds, PLB 460, 176 (1999), et al.
e Matter resides on a p-brane (spacelike dim p>3):
e Fermions are confined to 3-dim world

e SM gauge bosons can also propagate in the extra (p-3)
dimensions
e SM cross sections are modified due to the exchange of virtual
Kaluza-Klein excitations (™, = M2, +n?/R?* , n=1,2,...) of the SM gauge
bosons (e.g., gluons) through the ED
e Compact dimension R=1/M. (M. is the compactification scale)
e the 95% CL limit: M-=6.6 TeV from combined LEP data
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Dijet Angular Distributions

do~[ QCD + Interference + Compositeness ]

| W !
oAk \ P 0 £ X :
*t R A’ i q
' do ~ 1/(1-c0s@")? angulardistribution]l l N

' do ~ (1+c0s0")?2 angular distribution ]I

Jetl
CM Erame A\ WRUthexiend ‘ — — With contact term
\ M. ~A
i j: {Jet1 Jjet2) )l

coso’ : X
4 dN/dy sensitive to com‘act interactions
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Dijet Angular Distributions

do~[ QCD + Interference + Compositeness ]

e ' A\ g :
@)y al)zn (L
} i, S A q .
~ - — —
do ~ 1/(1-cos0’)“ angular dlstrlbutlonll l \/g iy .
do ~ (1+c0s0”? angular distribution ||
FrOm COSg Variable to Z” A\ WRUthexiend ‘ — — With contact term
) * \ M” ~ N\
Y=gt S
* 1 SNBSS
s V) )
1 COS6O" X
IS E(Jfl + ) dN/dy sensitive to contact interactions
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Search for BSM Signatures

o BSM signatures will populate the low-y region at h|gh

I\/Ijj:

» Compositeness (scale A)

o ADD Large Extra Dimensions (scale M)

» TeV-! Extra Dimensions (scale M)
 Theory implementation:

Lijet
[

=

|

2 Rutherford Scattering
“‘é 4o B == QCD
s 0121 === New Physics
L 01F:
D'GB :_|'| '.T"-.
006 F m=--Emaasl —
L vl b banal

II|II| |
2 4 6 8 ’l[}

xdjt

12 14 16
exp(ly;—y-l)

e Multiply NLO/LO QCD scale factor to New Physics LO:

LO NLO

NLO NLO . Onp Lo 9qcp
One =O0cdb "~ 10 —ON "0

QCD Oacp

o\ = MEg, +&-ME

int

+ &% MENP‘
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&=A1A (QC)

£=1/M? (ADD LED)
E=1/M2 (TeV*! ED)
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BBl Search for BSM Signatures

—— D@ 07
— Standard Model

—-—— Cluark Compositeness

A=22TeV (n=+1)

------ ADD LED (GRW)
M, =14 TeV

--- TeV"'ED
M, =1.3TeV

DI.4 = Mlﬂ'le"u-“ = D.EI

DI.E =M !TIE"J =06 |

n = =
0.1 - +
0.05 ¥ ’
0 - []I.E‘-'CMI.i'TiE"v"{ D.? E DT M}'TE\- CIE
0.05 Mﬂ‘_ + .+."I""'——T'"T
: DI.EI < Ml.ﬂ'ia"-.-"{ D.EI = DQ M!TE"- ‘ll'.'_'-I
[] 111 | I T | | I T | 11
0.1 :_}-t :_ f.":c.
_.F_i' : —J'— ' _+_ :—Fﬁ_,_j_
0.05 FT" 4 il S NS
: 1[] M.l'TE"'.-" 1 1 -

L1 I"'!lll‘rrF"lel

10

15 5 10

Kesjee = EXPUIY4-Y2l)

Limits|

» Compositeness (A): ~2.8 -3 TeV
» ADD LED (GRW, M,): ~1.6 — 1.7 TeV
» TeV-! Extra Dim (My): ~1.6 — 1.7 TeV
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Bl Dijet Angular Distributions @ LHC

%41114_

"'_g‘ 0.12 380 < Mass(GeV/c?) < 600
0.1

600 < Mass(GeV/c?) < 900 _

|-
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0.02— ]
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Angular distributions are
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Insensitive to PDFs

0.08

0.04 + Pyop¥ i_:
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detector effects ol il :

0.1
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b
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Iqb-llll

460 < Mass(GeV/c?) < 1880 1880 < Mass(GeV/c?) < 2500-

0.08[
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Particle level information aodf

0.02f
0
0.14[

Errors dominate by JEC

1 1 1 N T N I T N T U N T O A I O I A O O OO O A O
el 2 4 6 B 10 12 14 16 18 20

= ex -
ass(GeVic?) > 2500 % = exp(ly -y, |
ppatys =10 TeV; L= 1Clph"

0.1

0.08 # Particle Jets (SisCone R=0.T)
0.06 LO Theory

0.04 .

0.02 AT=3.0 TeV

[ T BT TR PN RN R R RS ST A*=5.0TeV
0 2 4 6 B 10 12 14 16 18 20

x =exp(ly -yl
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B8 Inclusive Jets — The Old Days

N .

jet
S R e — = VS. E
| AE.Ane| Ldt ! UA2 1991
ol UAL 1986 . Inclusive Jet CS
Inclusive Jet CS AE; — E;binsize ¢ — selection efficiency R uaé Bk
: a}@= O ] An — mnbinsize L — inst.Luminosity | [ /3 = 630 GeV ]
m‘zr M; _‘__‘Ezm oy N, — #of jetsin thebin 0 :2-2::"::2-: B
i — Vs = 630GeV ] . -o:a¢|:|¢1,§
3 — Z - 0 1.2 <inl< .I =
_: * Vs =0.5-0.6 TeV . sume o)
1 : . e Cone jet clustering S0 F aco
H% -l » P.range: 20 — 200 GeV o F
& i » Comparison to LO QCD $ w0 -
o ‘F} o Compositeness L. >0.8TeV | ~ ©*F
E F: ] 1073 )_
3 ‘\\ 4. dG d& I .
0k \ —l
5 \ ] —zz dX, T (X ) J A%, fopg (X, ) 75— |
: - ] dPT a,bj a 'a/A\"a ,[ B dPT 10_5( e -
L t 80 ";1604 70 1':.\\1:'i 0 dé ( 2) N 0 & 100 10 200 -
020 40 :. o o (n " pr (GeV)
b G ' dp. (ab—cd) ~ > (STJ My Uncertainties ~ 32% on CS:
Uncertainties ~ 70% on CS: - i +25% model dep. (fragmentation)

+50% accept./jet corr (smearin . Qi i +15% jet alg/analysis params
1400/2 calipr_rlJO% agigg ilS%?%.um State of art: 3 et productlon @ NLO +11% calib £5% Lum

Ac > 400 GeV “Exp and theo. (Next-to-Leading Order ~O(a?)) Ac > 825 GeV “...include sys. effects

Uncerts. taken in to account” which could distort the CS shape”
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CDF 1996
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125

% Difference

25
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Inclusive Jets — Ten Years Ago

Excess due to high-x gluon PDFs
and theory parameters
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Inclusive Jets — Ten Years Ago
-XO) — Q”’ >

Excess due to high-x gluon PDFs 025 | I
and theory parameters N | [N | i
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% z inclusive jets: Tevatron Runll ] .. . -/
- B ] L S e
.E 0.8 i |1|'r|“-:D.4 0s [ CTEQU
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steeply falling pT spectrum:
1% error in jet energy calibration
-2 5—10% (10—25%)

— 103 —~ ,
© 107 —— CDF data (1.13 fb™) E 10 ; |8d4<0|';| (33822)(16)
n 10 i . . o 106 - < < -
= % 10" = [ ] systematic uncertainty 3 o . 0.8<y|<1.2 (x8)
9 107:: . NLO pQCD“‘-IIIIIIII...... > 4 a 12<|y|<16 (X4)
— C e ot el | 210 A 1.6<|y[<2.0 (x2)
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95 oE . el T o 107
e 10
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= g _ 10 —NLO pQCD _
100 = == 1.1<|y|<1.6 (x107) 10k +non-perturbative corrections
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Benefit from:
e high luminosity in Run Il
e increased Run Il cm energy = high pT

central (forward) x-section
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Inclusive Jet Cross Section at CMS

CMS-SBM-07-001 & hep-ex/0807.4961
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With 10 pb-t at 14 TeV:
Can probe contact interactions beyond the Tevatron reach
(main uncertainty: JES —assume 10% at startup, asymptotically to 1-2% )
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Inclusive Jet Cross Section at CMS

SISCone, R=0.7, 10 TeV
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Inclusive Jet Cross Section at CMS
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Inclusive Jet Cross Section at CMS

1.25

1.2

1.15

11

correction factors

1.05

DospH .

09

0.85

08

Jet Algo k; 0.6 @ 10 Te\/”

= Hadronisation corrections for k0.6

:_ Herwig++

= (N — Herwig++ without MPI

— — Pythia

- --  Pythia without MPI

= :-_“_:r“h_!- -i“ - | |E

;++++++ S

:I | | | | -
107 10

=
[5
2

correction factors

1.25

0.95

09

0.85

08

Jet Algo SISCone, R=0.7 @ 10 TeV ‘
3 I
_ -=  Pythia without MP1
;_ ._i___...x__-._;..-.:,..—-'r-a—i +++++++++++ Im;hk_hkiﬁi'ﬁi###%
SRR + +.1_, i
- . **—T—‘[‘_E_r#_ :
R e E
SR :
El L | | i

107 -

_©
g

|Hadronization Corrections for inclusive jet cross sectiorﬂ

U Ic H%IEVElF!SITY OF ILLINOIS

Nikos Varelas

CTEQ Summer School 2009

138



CTEQ

Dijet Mass Cross Sections

|Unfolded Cross Sections |
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k Dijet Mass: Data vs. Theory D&

e Theory
* NLO pQCD (NLOJET++)

° Ug = Mg = <pr>= (P11HPT12)/2
e PDF: MSTW2008

F 04 <yl <08 08 <yl <12

_______

e Hadronization+Underlying
Event corrections applied to b <ot n g2
the theory (5-20%) 1 IIi||||||||||||||||||||||||||||||:_||||||||||||||||||||||||||||||
L 1820 T ;2_(.{,3,"1&'{2_4?“%“““'

e Theory uncertainties
e PDFs: (MSTW2008) 5-15%
e Scale (<p>/2-2<p+>): 10-15%

e Luminosity: £ 6%
e Good agreement with T =R B
theory TR T T ey
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Dijet Mass Cross Section & Ratio at CMS
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Summary

® Since their first observation 35 years ago, jets

have provided the means to study the Standard
Model and explore possibilities beyond

@ Jet algorithms have matured — latest algorithms

need to be validated with data @ LHC

@ Jet results at the Tevatron have reached high

precision
_HC will start producing collisions this year!

Rich QCD program at startup and beyond

® New physics might be around the corner !
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