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Disclaimers

A 1 am an experimentalist, so | have a little more emphasis on
experimental aspects and findings

A Alotofnew oOresultsoé were released f
ICHEP 2010 in Paris about one week ago; however, sincethere are
separate talks on early LHC results next week by Klaus Rabbertz and
Jan Fiete GrosseOetringhaus, | will not talk about them extensively

A Although very interesting, | will not discuss jet physics in heavy ion
collisions due to time constraints
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What Are Jets?

Towers E; > 0.5 GeV

pp- Jet +jet +anything

A collimated spray of particles originating from hard scattered partons
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See lecture

QC D by Dr. Olness

A The non-abelian SU(3)gauge theory of the strong interaction

A Similar to QED, but there are important differences .
A QEDLagrangian

. — m 1 mn =
Loeo =0(1971,,- Ma+eqg”A.a- 2 FoF ™ Fon=Hafh - WAy,
(A, : photon field)

A QCDLagrangian
A ~N 1 mn
Loco = 0. (19"H,,- M)A, - 9(0.9"TAG,)G” - 2 FmF ™
G, =uG"- G {9gfeG,. G° | (G, :gluon field)

m=n

A
m

[a,b=1,23(quark color charges) A B,C=1,....8(gluon color charges]

This non-abelian term distinguishes QCD from QED
(introduces triplet and quartic gluon self-interactions)

(Loep ='00"+'G*'+ 0" GG HG"G™+ ' G™] 500 sei

/., interactions
[ — ——— .y _ _— \.(\
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QCD

A There are three color charges (c.f. one
electric charge in QED)

~

A Quarkscarry one color charge

A Gluonscarry one color charge and
one anti-color charge (c.f. photons do not
carry electric charge )

®» Gluons have self-interactions (c.f. photons
do not)

®» Color charge is conserved at all vertices [

guark colors quark anticolors

Antired

een Antiblue

J<]

N _

A Gluon self-interaction leadsto o ant i ]
screeningd ofcfceedtior c¢h gg
q

charge screening) . 3
A A quark can emit gluons, and gluons can make § %
a quark loop or gluon loop q Q*;%g 29
A Spread out original quark color ( color cloud) § : 33387;\9
- confinement and asymptotic freedom & wﬁ)}
A Both features important to describe jets S : ’2;;%
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Basic Aspects of QCD

A Asymptotic freedom g

A A test charge inside tzof\a _ £ 6
experience smaller force than at large distance # | £33 ]

A At small distances, quarks can interact through £ oz l é% % %’g g ijg _
color fields of reduced strength and g | . 3 08 2 o, 4 ]
asymptotically behaves as free particles 2 0gf e ° 5 3 %

A The coupling constant a  decreases at G Rl #lff B E
small distances o1l 120 " """‘%‘“:-H
A Applicability of perturbation theory a(Q") = (33- 2n,)INQ?/ L2
A Confinement 01_,. . FOURMOMENTTANSFER Q(Ge D

A The energy injected into a hadron does not —
separate the quarks but goes into creating q q
ggbar pairs, and hence hadrons O 9
- answer the non-observation of free quarks q ' snap! q

A Origin of jets: partons from hard scatter evolve g ; -
via radiation and hadronization processes to - —
form a osprayé of coldine ¢ a9 S E

~ ® O ®

relative to 0)jetd axis)

July 26 - August 4, 2010 CTEQ Summer School 2010 7


http://www.aip.org/pt/vol-53/iss-8/p22.html

Observation of Quark Jets

A First evidence of jets arising from quarks in e+e- - qq events was
obtained at the SPEAR & collider in 1975.

Jet like: S=0
|sotropic: S~1

A Useosphericity 6 S=3(8 pX;).mi /(24 p7)

A QCD predicts that, as the cms energy increases, events should
become more jet -like; sphelicity should peak toward lower S values

G. Hanson et al. (MARKI Collaboration), PRL 35 (1975) 1609

80 T T T T T T T T
(a) B (c)

Jet %’
600 |- e, 7.4 GeV
L] ) o
] /\/’¢ \\\
[} /

400

200 |,

eTe™ — jet + jet e B
0 | | | |

Sphericity

\
%
-
Ve
! | i | ] | |

0 Sphericity 1
Jetmodel ------- Phase space model
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Observation of Gluon Jets

TASSQPETRA] PLB(1979)243MARKJ [PEP] PRL43(1979)830;
PLUTO[PETRA] PLB86(1979)418JADE[PETRA] PLB91(1980)142
eteatE., = 13032 GeV

TASSO
4 tracks . N .6 tracks

4.1GeV i 4.3 GeV

4 trac}ss'-
7.8 GeV

15t three -jet event from TASSO
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Jets ine e~ Annihilations

- jet +jet e'e - jet +jet +jet

A

A

e*te  events are clean

A No initial state QCD radiation
A No beam remnant

A No multiple interaction

Played a critical role in establishing QCD

July 26 - August 4, 2010

CTEQ Summer School 2010
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Why Study Jets ine *e"?

Jet

eTe™ — jet + jet jet ete™ — 3jets e ete™ — 4 jets :
Determine quark spin  Measurea,, Study non-abelian
Determine spin of gluon structure of QCD

A QCD Studies

A  Spin of quarks and gluons

A SU(3) gauge structure of QCD color
factors, triple -gluon vertex

A Measurements of a

A Quark & gluon jet

properties/differences
A Fragmentation functions

A Search for the Higgsand new physics Search for Higgs
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Jets ine *e": Spin of the Quark

A The quark spin can be inferred from the angular distributions of the

ot hr us {~directian ef {ets)
A

A Thrust axis: maximize S|p; parael |

Thrust is another event shape variable used in e *e- analyses C

éSp.

dS p in=1/°¢ . — ~ 2 [T e e e T
EE— 1+a CO§ qth — sp!n (1]/2 CIU:II‘IKS. « B +1 §1.3 "~ e ALEPH uIL“LI:JItt;:l‘LL_
d Cowth — spln- quar S. = _1 ‘-;;1 8 _ MC detector level ‘ ¥ E

g T [ e MC parton level ]
~ 1.4 [ 3

f F i T I — & N
|[ v Tz b B
| ¢ 1 : MC: Quark Spin 1/2 3
qu . r ]
e — — et . ot 0.8 1
/ off é skl 0.6 MC: erk;plnu ]
B _. 0.4 .
f | 0.2 -
| : .
TASSO (PETRA’) T TS E TR TR T TT Do 0.1 0.2 0.3 0.4 0.5 0.6 0.7 oa(og )1
. . cos(Onpusr

1984: Sphericity axis =~ ==
July 26 - August 4, 2010 CTEQ Summer School 2010 12



Jets ine *e": Spin of the Gluon

A Study 3-jet events :

A Order jets in decreasing E
A Third jet more likely to be the
radiated gluon
A Angle ggbetween axis of (2,3)
relative to 1 in the frame where 2 &

3 are back-to-back (Ellis-Karliner v 3 ] |
- . LLl - ]
angle) sensitive to gluon spin D SLD _
, w 2 vector o
Jet 2 Q - - - - scalar £
% ________ _
jet 3
5 Jet GEK | E 1 o
jet 1 2/ 0, > jet 1 o
o ict 2 - 0 I S N
jet3
Boost along jet 1 to the 0 0.4 0.8
fra here jets 2 & 3
"are back-to-back cos OgK
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Jets ine *e: Three Gluon Vertex

A Study 4-jet events :

A Order jets in decreasing E

A Jets 3 & 4 more likely to be
oradiatedod jets

A Angle cg,between planes spanned by

(1,2) & (3,4) ( BengtssonrZerwas
angle) sensitive to the three -gluon

vertex

3 3
\/\/\/\@4 VERSUS \/\/\Aé 4
Z Z

A Full analysis of angular distributions

allows determination of contributions

from different diagrams
A Confirm SU(3) gauge group
structure of QCD

Event Fraction (%)

40

30

20

10

Jet

B

Jet

7

o

‘-—_——‘_--‘—

abelian

QCD (non—abelian)

e L3 data

=]
o

l —
c_\w\||\|\||||||\||\|:
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References

A You can find a lot more interesting
jet physics studies from e *e" in:
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Jet Production:in: ep Collisions

ETA PHI L UCAL transverse ener ay ETA PHI

ep- e+ jet +anything gp- jet +jet +anything
(NC DIS) (Photoproduction)
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Why Study Jets in: ep Collisions?

¢

NCDIS . c /
"{;’fZ q

": V/Z ﬁj'LL q <

q
==
N p
X
CD Compton
Born Process BosonGluon Fusion Q P
Photoproduction A QCD Studies
: A Proton and photon PDFs
et A Measurements of a,
A Fragmentation functions
A Quark-gluon jet properties
A Inclusive- and multi -jet production
T ) A Rapidity Gaps/Diffraction
A  Search for new physics
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Jets at Hadron Colliders

Towers E; > 0.5 GeV

pp- Jet +jet +anything
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Jets at Hadron Colliders

: 138919
: 32253996
: 2.130 TeV

Run : 138919
Event : 32253996

—_—-

Jet 1 Py 585 GeV

e
o

O ‘gft . ?Ii"?é‘Z'Geg‘
n ”-”““ :a “‘ % %
-, }‘!h”“ | //
e Jet2 p:557 GeV. -
e :
0 . . .
2 P pp- jet +jet +anything
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Jets at Hadron Colliders

Proton (Anti)Proton

e ——
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Jets at Hadron Colliders

o See lecture
Partons inside proton: by S. Forte
Parton Distribution Funoc
Proton B (Anti)Proton
é 120 —gluon CTEQ6.6 E
i —d Q2=10(GeVIc}2{
" X = p(parton) ;(::(proton) 1
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Jets at Hadron Colliders

Hard scattered parton creates

Hadronization Jet a C)j et § o f obser

Parton !
showering

,
*

AV Dominant hard process:
Outgoing parton —«, % ;

QCD 2Y 2 scattering of partons

otd

Proton Anti(Proton)

Jet
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Jets at Hadron Colliders

Initial State Radiation

D

Multiple parton
scattering

Hadronization
Anti(Proton)

Parton

showering ,
Outgoing parton —,;

Proton

Jet

In reality, a little more complicated.
Often need to use phenomenological models
23

to account for non -perturbative effects
CTEQ Summer School 2010
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Jets at Hadron Colliders

St = PDFs
. ]f X f (X, 7
aab a/p( p ”i) b/p( P ITZ) Proton (Anti)Proton

£0(Py. Py, 2 2 D P

Hard Scatter

A QCD factorization separates the long-distance

components (PDFs) from short-distance hard scattering

A m factorizationscale t hat enters into the evec
and the fragmentation functions. May be considered as a scale
that separates long- and short- distance physics

A mg renormalization scale that shows up in strong coupling constant
A @2: hard scale that characterizes the parton-parton interaction
A Typically m=my= (0.5 -2) of jet Pt
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BSM Production of Jets in pp(pp)

A Many beyond the Standard Model (BSM) scenarios predict final
states including high momentum jets

A Quark compositeness (If ¢.=4TeV,r ~5 -10-2° m) =
Proton Quark Preons? F
DG A N
pret  cosqf

A New massive particles decaying into dijets

q’g q,g
X X: excited quark,
diquark, Randall-Sundrum graviton
q.9 q.9
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Why Study Jets at Hadron Colliders?

proton Jet
remnant

P anti—proton
remunant  Jet

pp — 2 jets + X

Top quark studies

Quark compositeness search

> I

QCD Studies

A Proton PDF

A Measurement of a,

A Test of QCD calculations

& Monte Carlo models
Inclusive and dijet production

Jet fragmentation
Vector bosons + jets

> > I>» I>

See lecture
by J. Owens

Rapidity Gaps/Diffraction

Top quark properties
measurements

See lecture
by W. Wagner

Search for Higgs boson
Searches for new physics

7

e
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Jet Algorithms




Finding / Defining Jets

A To first order, itds simple
A Find a stream of particles coming
from the interaction point
A To be precise, ne
def i peeathdrithm
A Should serve for both
experimentalists and theorists

A Jet algorithms

A Start with choosing the
appropriate reference frame and
particle/object variables

A  Schemel/algorithm to combining
particles/objects
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Particle Variables & Distance

. hadrons
In e*e- hadrons In pp & pp
et \ e P p(p)
/ < — > { < e
\\“*

In parton -parton
CM frame

A The e*e center-of-mass (CM) A  The hadron-hadron CM frame , parton-

frame is the same as the lab parton CM frame
) frame (except for B factories) A Energy and angular separations are not
A Invariant under angular invariant under boosts
rotations A Particles appear more collimated
A Distance between i,j: their /dispersed depending on the boost
angular separation ¢; and j ; ~ (nextpage)
A Use the absolute energy for jet A Use the transverse momentum Pt

Shardnessé i nstead of energy f
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Hadron Collider Variables

A Rapidity (y) or Pseudorapidity
(h) for polar angle :

pp(pp) System

1, E+p P (v, 1) p
y==In 2 > <
2 E-p, 9.9 > < 9.9
1 + parton-parton System
h=—=In PP, __ log(tan(g/ 2)) (yafo ) b
p- pZ 1 (1_ b)
(/1 =Y when a particle is massless Y= y+§|n (1+ b)

Therefore, the rapidity interval
IS boost-invariant, Dy Dy

h=0 (=90)
h=al | h=1(~40) For polar-angle separation, use y;;
A Y& h=2 (~15)
_ :s;f-'-.-:(-:!-.::::::'_:'.'. ................................... h=3 ("'6_)
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Reference Frame: in High Q2 DIS

Jet

LAB system =

cms system

Jet

A

We use the lab frame for other
processes, but for high Q2 DIS, use
the OBreitf r a me O

2xI5J+ ckf= 0

Initial -state g*-parton system boosted
and rotated ( g* carries Pt)

Breit frame, in which g* collides
head-on with proton, removes this
effect

Use the same variables as in hadron-
hadron collisions

A Pty i

July 26 - August 4, 2010
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Jet Algorithm

Detector level

A Jetalg
form je

A Our de
0S a
levels
data-tt

A  Parton level

A E.g. fixed order pQCDcalculation or
% : partons after parton showering

A  Particle level
A E.g. Monte Carlo event generator

A Detector level
A E.g. Calorimeter towers
A Combinations of many detectors

A Reconstructed (e.g. particle
flow) objects

Underlying event A Calorimeter towers + tracks

Particle -level jets i

Hadronization
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Jet Algorithm Requirements

A Theoretically well -behaved
A Infrared safety

adding a soft parton should
not change the jet clustering
results

A Collinear safety

replacing a parton by a
collinear pair of partons
should not change the jet
clustering results

A Order ~independence: work well
at parton, particle, detector -levels

Minimize hadronization effects

Detector ~independence

Collinear Safe

jet1 jet1

Og X (=) Og X (+e)

Infinities cancel

Collinear Unsafe

| L ]
jet1 jett—
jet2
g X (=)

o X (+oo)
Infinities do not cancel

Infrared safe
1-jet 1-jet

—0 +DO

sum is finite

Infrared unsafe
2 jets 1-jet

—00 +O<3

sum is infinite

NV

More details in:

hep-ex/0005012
hep-ph/0610012,

Y/

Prog.Part.Nucl.Phys.60, 484,2008.

July 26 - August 4, 2010
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Jet Algorithms

A Recombination algorithms A Cone algorithms
Basic Idea: Successively find the Basic | dea: Sear cl
oclosesto pair o fconp, amwhidhthé v&&or sum of
combine them particles insize a cone points

toward the cone centroid

A Used extensively in ee / ep A Primarily used in pp ( ppbar)

A Theoretically well -behaved J A Regular cone shapeJ (unless
A Infrared & collinear safe cones overlap)

A Irregular shape (except Anti - A Often infrared & collinear
Kt) is a challenge for unsafe (except SISCongL
experimentalists (underlying A Stable cones overlapping is
event and pileup corrections) tricky L
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JADE & Kt Algorithms for e *e-

A JADE:Original recombination algorithm (Z. Phys. C33 (1986) 23)
A Metricc M, ° 2EE, (1- cosg;) (invariant mass) 2

~

A Can | ead to ojunk jetso
A two-jet with soft, collinear

C% radiation can be classified,
unnaturally, as a three -jet event
Inhibits NLLA-resummation techniques (what is 2 -jets @ one order
becomes >2 jets at higher order)

A Kt (Durham): S. Catani et al., Phys Lett. B269 (1991) 432

A Metic:  M?=2min(g* E;*)1- cosg,)

A For small emission anglesq”,
M, ° 2min(E* E)1- - ¢;“/2+3)]° min(E*,E,")g,“ ° k.

A  Smaller of the transverse momentum of | wrt jorj wrt i

A Soft collinear radiation is attach
problem)

Extensively used in ee / ep
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Cone Algorithms for Hadron Colliders

> I

oHas beeno a primary choice for
Basic idea: Cluster objects based on their proximity iny -f space
and find stable cones (kinematic centroid = geometric center).
UG Ch '\/(y" — )’ + (0" — 07)* < R.
C ~C C ] 1 {2
p- = (E7.p7) =) (E".pu.py.D:) .
; ’ Stable cone when
- 1. E94+p¢ s C_gC ;C_+C
7¢ = 5111}:6,7_?9, »“ = tan IE Y =Y. =/
A Ilntuitive, but a few undesired ac:c

A Often infrared unsafe
A Solved by the seedlessSISConealgorithm (arXiv:0704.0292)
(but speed is somewhat issue. Not usable for heavy 1on physics)

. A

A  Still stable cones sometime overlap <
A Need a procedure to merge/split: L
merge cones when p; overlap > 75%
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Recombination Algorithms for
Hadron Collider

A Metric: 2
DR,’ d, =rmin( B2, pFt)

d; =min(pT’i2 , 2|C’) RZ , d. = pTI

\ 4

i = pT,i
=(yi - yj)2+(fi - fj)
. AL . YeS |\ o o
A p=1: Kt algorithm « ——Mind;? ~|p, =p +p,
p=0: Cambridge/Aachen algorithm Combine I+] E =E +E
p=-1: Anti -Kt algorithm No - j

Movei to list of jets

A R parameter (typically 0.5 -1.0)
characterizes jet size |

Yes Any left

A

A These algorithms are infrared and
collinear safe!

A Speed used to be an issue, but

solved by Fastjet by Salam et al
(hep-ph/0512210)

No
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Recombination algorithms for
Hadron Collider

Characteristics of each algorithm 6l ook at o0j et areao

[ anfik, R=1 |
| P, [GeV] __ [ CcamiAachen,R=1_] [GoV]
,"\.

2 Anti -Kt

B, ::m K t ! _7 i rrﬁAr_ -

. _ _ M. Cacciari, G. Salam,
A  Kt: Cluster from pairs of low -Pt particles G. Soyez 0802.1188

A Proactively include QCD radiation
A

Irregular shape : complication for UE & pileup subtraction, but the
area calculation offers a solution

A Anti-Kt: Cluster from pairs of high -Pt particles
A Circular shape, radius ~R resolution parameter
A Easy for experimental calibration

A Cambridge/Aachen (CA) : Relies only on distance weighting
A Works well for subjet studies (more later, or see e.g. PRL 101, 142001)
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Jet Algorithm: Remarks

After two decades of development, jet clustering has quite
matured , and we appear to be ready for LHC jet physics from the
jet clustering point of view

Critical to have infrared and collinear safe algorithms
A Available algorithms are e.g. Kt, Cambridge/Aachen, Anti -Kt, SISCone

~

A May facilitate the development of higher order pQCDcalculation :
Higher order pQCDcalculation does not benefit much if jet algorithms
are infrared and collinear unsafe

Same algorithm (Anti-Kt al gori t hm) 1 s used
algorithm in various experiments (e.g. CMS and ATLAS)
A Results will be more transparent to outside world and between

experiments (although still jet size parameter R still differ between
experiments so far)
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Jet Measurement and Jet
Energy Correction




Jet Measurement

Detector-level jets
— L RE

:Haar\onic showers. 1O

\‘\ i% g Y Shoners T Experimentally, jets are

"\\-\\ I _= measured in the detectors.

]
Particle-level jets ‘\r' ‘7/I,’I Need t o ounf ol d«
'\, Hadronization measured jets to the

otrueo particle
for comparisons with
theoretical predictions

Big experimental challenge!

Underlying event
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Jets Production at
HERA Tevatron:, and LHC

]
. Large Hadron Colllder
. Géneva, SWltzerIand
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