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Disclaimers

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

[0 A lot of new “results” were released from LHC experiments at
ICHEP 2010 in Paris about one week ago; however, since there are
separate talks on early LHC results next week by Klaus Rabbertz and
Jan Fiete Grosse-Oetringhaus, | will not talk about them extensively

[0 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

QCD by Dr. Olness

[0 The non-abelian SU(3) gauge theory of the strong interaction
0 Similar to QED, but there are important differences.
B QED Lagrangian
. _ 1 v _
Loep =0(i7"0, —m)q+edqy A d—F F",  Fu=0.A ~0A,
B QCD Lagrangian (Aﬂ - photon field)
_ . _ 1 y
Loco = Ta (170, ~M)t ~ 97 “Ta%)G, — F. F*,
G,"=0,G"-0,G,"19fs.G,G, | (G,":gluon field)
[a,b=1,2,3(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)

(LQCD :"qq"+"G2"+ g"qu"+ g"G3"+ g2"G4"] Gluon self

N N interactions
e — —— g —_ -————-( \(
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QCD

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

B Quarks carry one color charge
B Gluons carry one color charge and

quark colors quark anticolors

Antired

S
een Antiblue

one anti-color charge (c.f. photons do not
carry electric charge)
®» Gluons have self-interactions (c.f. photons
q

do not)
®» Color charge is conserved at all vertices [

B Gluon self-interaction leads to “anti-

screening” of color charge (c.f. electric ‘_/---\
charge screening) g;\qé
FSC
[0 A quark can emit gluons, and gluons can make 2
a quark loop or gluon loop q {j;%g %‘-‘
[0 Spread out original quark color (color cloud) S 33387;9
— confinement and asymptotic freedom & wﬁ)}

[0 Both features important to describe jets
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Basic Aspects of QCD

0 Asymptotic freedom g
B A test charge inside the color “cloud” will 54 Z - §
experience smaller force than at large distance # l £% 7 z ]
B At small distances, quarks can interact through £ o2 l é% % %’g g ;§
color fields of reduced strength and % | . 3 g3 2 g’ o &
asymptotically behaves as free particles 2 0gf i ST 5 3 g
O The coupling constant o, decreases at G R m % E
small distances ot e i
0 Applicability of perturbation theory a,(Q°) = (33=2n)INQ% I A’
0 ! s
O Confinement L FOURMOMENTTRANSER Q(Ge) D
B The energy injected into a hadron does not —
separate the quarks but goes into creating q q
qgqgbar pairs, and hence hadrons O 9
— answer the non-observation of free quarks q ' snap! q
B Origin of jets: partons from hard scatter evolve g ; -
via radiation and hadronization processes to - —
form a “spray” of collinear hadrons (limited k; q .q ' q .q

relative to “jet” axis)
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http://www.aip.org/pt/vol-53/iss-8/p22.html

Observation of Quark Jets

[0 First evidence of jets arising from quarks in e+e- — qq events was
obtained at the SPEAR e*e" collider in 1975.

O Use “sphericity”: S = 3(2 pii)min /(ZZ p?) IJSeOttE)kpei:C. gfg)

[0 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. (MARK-I| Collaboration), PRL 35 (1975) 1609

80 T T T T T T T T
= (a) = -

Jet 0#’
600 |- e, 7.4 GeV
L] ) o
] /\/" \\\
(] / &

400

\
%
-
Ve
! | i | ] | |

200 |,

eTe™ — jet + jet e B
0 | | | |

Sphericity

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

TASSO [PETRA] PLB(1979)243; MARK-J [PEP] PRL43(1979)830;
PLUTO [PETRA] PLB86(1979)418; JADE [PETRA] PLB91(1980)142
ete at E_, =13 - 32 GeV

TASSO
4 tracks . N .6 tracks

4.1GeV i 4.3 GeV

4 troc}ss'-
7.8 GeV

15t three-jet event from TASSO
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Jets in ete" Annihilations

e'e” — jet+ jet e'e” — jet+ jet+ jet

[0 e*e events are clean

B No initial state QCD radiation
B No beam remnant

B No multiple interaction
[0 Played a critical role in establishing QCD

July 26 - August 4, 2010 CTEQ Summer School 2010
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Why Study Jets in e*e?

Jet

+ _ - . L
e’e” — Jet + jet ye ete™ — 3jets T ete— — 4 jets |
Determine quark spin  Measure a,, Study non-abelian
Determine spin of gluon structure of QCD

0 QCD Studies

B Spin of quarks and gluons

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

B Measurements of a,

B Quark & gluon jet
properties/differences

B Fragmentation functions
O Search for the Higgs and new physics Search for Higgs
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Jets in e*e: Spin of the Quark

“thrust axis” (~direction of jets)

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

B Thrust is another event shape variable used in e*e" analyses

B Thrust axis: maximize Z|p; paraliel|

do
d cosé,

f 3 T T T i T
W =ILGeY
4
//9 ik 4
&
e —> et : | P it

|
_.Jr_
ek

oc1+acos?@ — spin-1/2 quarks: «

th _ spin-0 quarks: «

I
I
[

. e
T = max L
| 20 |
~~ 2 preerrerpre e AR B AR KRR R
F limit of " ]
g‘l.ﬂ - ALEPH acceptance” ]
5 MC detector level
o 1.6 C ]
] - MC parton level
'U .
~ 1.4 r .
=]
o :
1.2 | .
1 : MC: ﬂunr;: Spin 1/2 J

o
o
-

/ wit ! 0.6 | HC:Quurk(;;.lll.'-O ]
- . 0.4 ]
f ".i 1 0.2 F .
| C
TASSO (PETRA) T T T TR TR T T Do 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1984: Sphericity axis == cos{Grme)
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Jets in e*e": Spin of the Gluon

[0 Study 3-jet events:

B Order jets in decreasing E,

[0 Third jet more likely to be the
radiated gluon

B Angle 6 between axis of (2,3)
relative to 1 in the frame where 2 &

3 are back-to-back (Ellis-Karliner v 3 o |
ey . L - |
angle) sensitive to gluon spin D SLD _
, w 2 vector o
Jet 2 Q - - - - scalar £
% ________ —
8 JEt 3 eEK . E 1 L
jet 1 2/ 0, > jet 1 o
63 — — _
—
o iet 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 in e*e: Three Gluon Vertex

[0 Study 4-jet events:

B Order jets in decreasing E,

O Jets 3 & 4 more likely to be
“radiated” jets

O Angle ygz; between planes spanned by
(1,2) & (3,4) (Bengtsson-Zerwas

4ﬂ||\\||||||||||||\|||\|

angle) sensitive to the three -gluon
vertex

\/\/\/\ég VERSUS \/\/\Aé

0 Full analysis of angular distributions
allows determination of contributions 10
from different diagrams

B Confirm SU(3) gauge group

QCD (non—abelian)

30

ﬂﬁa

20

e L3 data

Event Fraction (%)

abelian

=]

=]
=)
=
N
=]
= L
=23
=
=<}
=]

structure of QCD
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References

[0 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 y p—> jet+ jet+anything
(NC DIS) (Photoproduction)
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Why Study Jets in ep Collisions?

¢

Born Process QCD Compton

Boson-Gluon Fusion

Photoproduction O QCD Studies

: B Proton and photon PDFs

= Measurements of o,

Fragmentation functions

Quark-gluon jet properties

Inclusive- and multi-jet production
B Rapidity Gaps/Diffraction

[0 Search for new physics

photon
remnant

proton

P
remnant Jet
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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

Run : 138919
i Event : 32253996
Dijet Mass : 2.130 TeV

Run : 138919
Event : 32253996

Jet 1 Py 585 GeV

—_—-

e
o

0 ‘gft 2 p:.557 Gev:
n | “-”““". ‘:a ; “‘ % 3 %
b o Jet 2 p.: 557 GeV e
-””“ ““\ —
4° SR et :
-2 Oq) pp — jet+ jet+anything
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Jets at Hadron Colliders

Proton (Anti)Proton

e ——
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Jets at Hadron Colliders

See lecture

Partons inside proton: by S. Forte
Parton Distribution Functions (PDF’s)
Proton B _ (Anti)Proton
é 120 —gluon CTEQ 6.6 E
e —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 “jet” of observable particles

Parton ~ :
showering e, \ B f

AV Dominant hard process:
Outgoing parton —, Y

QCD 2 — 2 scattering of partons

oD

Proton Anti(Proton)

Jet
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Jets at Hadron Colliders

Hadronization

Parton . :
showering AV
Outgoing parton —,,¥ {

Initial State Radiation

D

Multiple parton
scattering

Proton Anti(Proton)

In reality, a little more complicated. Jet
Often need to use phenomenological models
to account for non-perturbative effects
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Jets at Hadron Colliders

Ot = PDFs

Za Zb Fa p (Xp  HE) fb/ﬁ(xﬁ M) Proton (Anti)Proton

G.0(Pp. |0p,063(ué),222 32) 'P-@ @-4-

12
o F R

—_—

—

Hard Scatter

O QCD factorization separates the long-distance

components (PDFs) from short-distance hard scattering

B . factorization scale that enters into the evolution of the PDF’s
and the fragmentation functions. May be considered as a scale
that separates long- and short- distance physics

B g renormalization scale that shows up in strong coupling constant
B Q?: hard scale that characterizes the parton-parton interaction
B Typically pr=pz= (0.5 -2) of jet Pt
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BSM Production of Jets in pp(pp)

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

[0 Quark compositeness (If A=4TeV, r~5-102°m)
Proton Quark

B
Preons? A02
Q-

pet cosf* 1

[0 New massive particles decaying into dijets

q’g q’g
X X: excited quark, heavy gluon, W’, Z’,
a.g diquark, Randall-Sundrum graviton

q,8
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Why Study Jets at Hadron Colliders?

roton Jet
remnant O QCD Studies
B Proton PDF
B Measurement of o,
B Test of QCD calculations
P anti-proton J & Monte Carlo models
pp — 2jets + X B Inclusive and dijet production
B Jet fragmentation [¢ . \ecture
B Vector bosons + jets| by J. Owens
B Rapidity Gaps/Diffraction
0 Top quark properties [cee (ecture
, Jet Top quark studies measurements by W. Wagner
Ei/ 0 Search for Higgs boson
q_/r&—’ O Searches for new physics
P Jet [
Quark compositeness search
July 26 - August 4, 2010 CTEQ Summer School 2010 26



Jet Algorithms




Finding / Defining Jets

[0 To first order, it’s simple

B Find a stream of particles coming
from the interaction point

[0 To be precise, need a “well-

defined” jet algorithm

® Should serve for both
experimentalists and theorists

0 Jet algorithms

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

B Scheme/algorithm to combining
particles/objects
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Particle Variables & Distance

_ hadrons
In eve hadrons In pp & pp
et \ e p p(p)
/ < \—R\’ > (e S

In parton-parton
CM frame

0 The e*e center-of-mass (CM) [O The hadron-hadron CM frame = parton-

frame is the same as the lab parton CM frame
frame (except for B factories) [ Energy and angular separations are not
O Invariant under angular invariant under boosts
rotations [0 Particles appear more collimated
O Distance between i,j: their /dispersed depending on the boost
angular separation 0; ;and ¢, ; (next page)
[0 Use the absolute energy for jet [0 Use the transverse momentum Pt

“hardness” instead of energy for jet “hardness”
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Hadron Collider Variables

[0 Rapidity (y) or Pseudorapidity
(n) for polar angle :

pp(pp) System

I E+p P (Y, ) p
y _ In 7 > <
2 E - pz s - -
parton-parton System| B
(', ¢
1,.d-58)
y'=y+ > In 1+ )

Therefore, the rapidity interval
is boost-invariant, Ay’=Ay.

For polar-angle separation, usey; ;
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Reference Frame in High Q2 DIS

Jet o | AB system =

cms system

JTet
Jet Breit
frame
¥ 4 p

Jet

O

We use the lab frame for other
processes, but for high Q2 DIS, use
the “Breit frame”

2xP+G=0
Initial-state y*-parton system boosted

and rotated (y* carries Pt)

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

Use the same variables as in hadron-
hadron collisions

B PG Y 0
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Jet Algorithm

Detector level

O Jet alg and
form j

0 Our de
“same lat all

levels
data-tl

B Parton level

0 E.g. fixed order pQCD calculation or
% q, partons after parton showering

B Particle level

0 E.g. Monte Carlo event generator
B Detector level

[0 E.g. Calorimeter towers

[0 Combinations of many detectors

M Reconstructed (e.g. particle
flow) objects

Underlying event B Calorimeter towers + tracks

Particle-level jets i

Hadronization
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Jet Algorithm Requirements

[0 Theoretically well-behaved
B Infrared safety
adding a soft parton should

not change the jet clustering », _..,

results

B Collinear safety
replacing a parton by a
collinear pair of partons

should not change the jet
clustering results

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

[0 Minimize hadronization effects

[0 Detector ~independence

Collinear Safe

jet1 jet1

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\O

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

[0 Recombination algorithms O Cone algorithms
Basic Idea: Successively find the Basic Idea: Search for the “stable”
“closest” pair of particles & cone, in which the vector sum of
combine them particles insize a cone points

toward the cone centroid

B Used extensively inee / ep M Primarily used in pp (ppbar)

B Theoretically well-behaved © B Regular cone shape © (unless
O Infrared & collinear safe cones overlap)

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

[0 JADE: Original recombination algorithm (Z. Phys. C33 (1986) 23)
B Metric: My =~ 2E;E;(1—-c0s6;) ~ (invariant mass)?
B Can lead to “junk jets”

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)

0 Kt (Durham): S. Catani et al., Phys. Lett. B269 (1991) 432
m Metric: I\/IU? = 2min(Ei2, Ejz)(l—cosﬁij)
B For small emission angles 0,
. 2 2 2 . 2 2 2 2
M; =2min(E", E;")[1-1-6,"/2+---)]=min(E", E;")0," = k;
B Smaller of the transverse momentum of i wrt j or j wrt i

B Soft collinear radiation is attached to the correct jet (solve “junk jet”
problem)

Extensively used in ee / ep
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Cone Algorithms for Hadron Colliders

“Has been” a primary choice for hadron colliders
Basic idea: Cluster objects based on their proximity in y-¢ space

and find stable cones (kinematic centroid = geometric center).

e '\/(yi —y9)° + (¢* —¢9)° < R.
C ~C C 1 7 7
" = (EY.p%) =) (E'.p..p,.pl).
iCC
T C
g¢ = ‘—IH% . o _tm_lz—@é,
' B¢ —p¢ 28

0 Intuitive, but a few undesired aspects...
[0 Often infrared unsafe

Stable cone when
ye=y°, 9" =9¢°

B Solved by the seedless SISCone algorithm (arXiv:0704.0292)
(but speed is somewhat issue. Not usable for heavy lon physics)

[0 Still stable cones sometime overlap
- Need a procedure to merge/split:
merge cones when p; overlap > 75%

4
1A

July 26 - August 4, 2010 CTEQ Summer School 2010
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Recombination Algorithms for
Hadron Collider

[0 Metric:

dy =min(p: ™%, pr ;") —3- d;; = p7,

AR: =(y, -y, f +(s -9,

O p=1: Kt algorithm
p=0: Cambridge/Aachen algorithm
p=-1: Anti-Kt algorithm

[0 R parameter (typically 0.5-1.0)
characterizes jet size

[0 These algorithms are infrared and
collinear safe!

[0 Speed used to be an issue, but

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

Yes

P
<«

Combine i+j

Yes

AR{
d _mln( pTI ij) R2
dii = pT,i
Min dfj? F_jij =P+ I_jj
Eij =E, +E.
No

Move i to list of jets

A

Any left!

No

July 26 - August 4, 2010
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Recombination algorithms for
Hadron Collider

Characteristics of each algorithm - look at “jet area”

tGov CORRTT] pee
Kt

o CA—

[ ik, R=1
[ CamlAachen,R=1_| (Gav] 2 =
. :

Anti-Kt

]
0|

) ’ ) M. Cacciari, G. Salam,
[0 Kt: Cluster from pairs of low-Pt particles G. Soyez 0802.1188
B Proactively include QCD radiation

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

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

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

[0 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

[0 Critical to have infrared and collinear safe algorithms

B Available algorithms are e.g. Kt, Cambridge/Aachen, Anti-Kt, SISCone

B May facilitate the development of higher order pQCD calculation:

Higher order pQCD calculation does not benefit much if jet algorithms
are infrared and collinear unsafe

[0 Same algorithm (Anti-Kt algorithm) is used as the “default”
algorithm in various experiments (e.g. CMS and ATLAS)

B 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

e

— =5
| Hadn(\)mc showers — | ! 1Q
= i'r = e i Experimentally, jets are
TG == measured in the detectors.
AT T
Particle-le\./eljets I ‘7/1,'1 Need to “unfold” the
'\, Hadronization measured jets to the

“true” particle level
for comparisons with
theoretical predictions

Big experimental challenge!

Underlying event
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Jets Production at
HERA, Tevatron, and LHC

3 Large Hadron Colhder

Geneva SW|tzerIand
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Typical Detectors

Muon Detectors Electromagnetic Calorimeters
N

[rson CHAABERS & ER c £y 1 H / N\

- / NN . Forward Calorimeters
= L 7 N Solenoid
l ! EHEEEFH [ 2 N 4 End Cap Toroid

g \ n ap Toroi
y;

el ] S —
—- S

|
i
| I
Ll [ s zal

' Detectors are quite different from experiment to

but there are common typical features

July 26 - August 4, 2010 CTEQ Summer School 2010 43



Typical Detectors

[0 Main detector components

m Solenoid
[0 Bend charged particles
B Tracker
[0 Charged particles (charged hadrons,
leptons) 0

B EM calorimeter

[0 Primarily for photons and electrons
B Hadron calorimeter

[0 Charged & neutral hadrons
B Muon system

[0 Muons

.\

0 Jets typically consist of ~65% charged
hadrons, ~25% of n0—yy , ~10% of
neutral hadrons

B Calorimeters are most critical for jets

Muon System
Had Calorimeter
EM Calorimeter
Solenoid

racker

~-= MUON

July 26 - August 4, 2010 CTEQ Summer School 2010
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Calorimeter Response for Jets

O
Hadron O
Calorimeter

O
EM

Calorimeter []

Calorimeters “destroy” (i.e. stop)
particles to measure their energy by
making them “shower”

EM showers (from photons, electrons) are
dense & short, with intrinsic fluctuations

Had showers (from hadrons) are broad &
long, with large intrinsic fluctuations

Typical calorimeters use sampling
technology (passive/active media) which
adds fluctuations

B Measure only a fraction of ionization

EM cal response on hadrons is larger than
the Had cal (different sampling density):
different starting points of had shower
give large fluctuations and non-linearity
in the response

July 26 - August 4, 2010
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Calorimeter Calibration &
Jet Energy Correction

[0 Establish calorimeter stability, uniformity, absolute scale in data
M Pulsers, radio active source, and light source
B Azimuthal symmetry of energy flow in collisions for uniformity
B Muon minimum ionizing particle signal for stability
B SetE/p =1 forisolated tracks (charged hadrons and electrons)
[0 Use momentum from central tracker as a reference
EM resonances (n°— vy, J/y, Y & Z — e*e)
[0 Adjust calibration to obtain the known mass

[0 Obtained the jet energy correction

B Tune single particle response in detector simulation, use MC modeling
of jet fragmentation: use the calo-jet vs particle-jet correlation

B Pt balance in photon(Z)+jet: correct jet Pt to calibrated photon scale
B Hybrid of the above two options
M Hadronic resonances (W/Z—jj)
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Calorimeter Response Tuning

[0 Tune individual particle response (E/p) Charged hadrons (7*, K%, p, ...)

-

B EM shower particles = 1 .
B Had shower particles os |- | 30-40%| 1
[0 Use jet fragmentation model o [ —mem® Single track data |
o R FEPTER APE y
B Correlate particle-level and detector- o4 [ @ Single track MC ]
level jets . Minimum bias data ]

°rr o Minimum bias MC

‘ T ~ 1 s [13;3?1:'13-& i)
- ‘/ Electromagnetic particles
. N

0 (electrons, photons, 70, ...)

a“ ‘Q s = ' W—s ev MC

;L [l 7
- 115 | s W evData 3

_ & Jiy— e’e MC
11 s+ Jhy— e'e Data r
Charged 1.05 ?_. -------------------- ﬁ ;T*q-;----m.maﬁ --------- éé.gi
1 Ay 3

hadrons 2 aate? ity +5%

0.95 ... ........................................................... AULELEE .E
'Shape due to W & J/ ¢ selections;
%9, 20 40 &0
S b (Gevic)
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Jet Energy Scale Correction

[0 Tune individual particle response (E/p)
B EM shower particles
B Had shower particles

[0 Use jet fragmentation model C(calo jet Pt —particle jet Pt)
B Correlate particle-level and detector- G145
level jets 144 Cone 1.0 ]
e T Cone 0.7
13F\ E
125F \: —Cone 04 E
) ‘/40 115 | i
1 k 11 3
' 1.05 | .
\\ v fy,’ i 1) 156700 750 200 250 300 350 400 450 500
\ vl Wyt jet
A\ 'Y‘\‘.:Y 1:*: :’, ) pf' (GeV/c)
w (K /
. voa
o [

\V NIM A566, 375 (2006)
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Jet Energy Correction

» 3.5 a "
O Utilize Pt balance in y(Z)+jet events € | o Zoeeet ]
®  In leading-order QCD, photon/Z and < 5 i DT _‘
jet are balanced g Bl Combined correction |
O Combined uncertainty -
[0 Photon & Z(—ee & up) Pt’s well Qogh ¥ e Dijet MC-truth -
measured by ECAL or tracker 3 s e ]
B Use their Pt as a reference 2.0 B .
i J.Ldt =100 pb"
15F ]
10:||||I Ll ! |J-|l|lrl|||| |:
' 10 100 1000
oR (GeV/c)

[0 Need do account for:

B QCD radiation which spoils the Pt balance
O Tight cut on additional jets, extrapolate 3" jet Pt
— 0, missing Et projection fraction method
B  Statistics will run out at high Pt. Need
extrapolation to high Pt (hybrid with a MC-based
method)
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Missing Et Projection Fraction

[0 Using missing Et projection fraction makes the method insensitive

to the jet cone and showering
B Small showering correction applied

later

Particle Level

Y

hadronic
recoil

lw ‘
m"‘ 0.80

Detector Level

é jet (probe)

re

= recoil

Py + Py

R P/ +R =-E,

» After EM energy
calibration, R =1.

ErY, Ny better measured than E,

Fractional uncertainty
o

T :Rjet(

® Perform the study vs E'=EZ cosh(n,,)

0.75

0.70

0.65

0.60

TIIII|IIIIIIIIIIIIII|IIII|IIII

A =1.8076 + 0.0341

B =-0.1748+0.0216
C =0.9990 £ 0.0145
corr =0.763, 0.786, 0.995

lllll[lllllllllllllllllll

20 30 40

160 200 300
E [GeV]

.....

DG Run Il preliminary

; Rmne = 0.7, npl =0.0, D|191

. —Total
----- Response
-~ - Showering

Offset

Uncorrected jet Pt (GeV)
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Jet Energy Calibration with W/Z—jj

[0 Very difficult to see incl. W/Z decays into jets at hadron colliders
[0 Possibilities are:

m W from top decays - powerful technique at the Tevatron
[0 More so at the LHC! (Now, only handful of ttbar events, but eventually 40K

per month) Fermiab SSC
) CEAN | LHC
B /> bbjets ——tr
. . = ; E710 =T
[0 Achieved at the Tevatron. Will be hard at the LHC R 1"
(more QCD BG) T mbl
B WW/WZ/ZZ - (ll/lv/vv)+(jj) - .
’r\; 80 CDF Run Il Preliminary (3.2 1b”) E- Tub 35
> M . —e— Data '.:1 %
_ g 70 Dbkgd+F‘yth|a M, = 172 GeV _§ | c\_:
q g ‘: o ': Tnb | E
3 b 8 a0 - £
30 (34}
B 20 1pb - o o ge
10
e,
30 50 60 70 80 920 100 110 120
g — Mass (GeV/c") LA s
- 0.001 001 01 1.0 10 100
V Vs Tev
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Inclusive Jet & Multijet
Production




Jet Cross Section In ep Collisions

Measurements of these
jet cross sections allow:

B Constrain proton (and
photon) PDF

B Measurement of o,

_ A Q* @ |
do = i%“’!d"(x’ AV ”—Fz’ﬂ—;,s) : Search for new physics

Proton PDF Strong coupling constant

Boson-Gluon Fusion QCD Compton

photon
remnant

Jet

Photon flux in e Photon PDF

da=z_"djdxpjdx7 f, (X, )
1)

[fi/p(xp’ﬂFp)]d&(Xy,p as(luR ’—Z’Q—Z’W)

He  Hr

Photo-

production

proton
remnant Jet
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Inclusive Jets in Photoproduction

ZEUS-prel-10-003
0 Measured do/dE; in good agreement with ZEUS

NLO pQCD calculations S R T Y
5 0 " e ZEUS (prel.) 189 pb
. . Y 107¢ —— NLO (GRV-HO)
O o, determination: 2
B Parameterize a,(M;) dependence of 210 g
observable do/dE; in bin i by %6 EUS §
—do-i i i 2 = 3 = E
dE =C, ra,(M;)+C, -a;(M,) B ]
T parametrization 10 = -
Treat correctly the i . ALO - oL ;:11 . -
correlation between a,(M,) value / E 02<y<0s85 :
and the PDFs in the NLO | "l AL
CalCUlat'lonS° Ol[) :l‘llll|lIII‘HII|IIII|IIH‘HII|IIII|‘
* ] ]
Z —
g
ex;racted as(Mz) = ]
value = ) E
_ +0.0030 +0.0044 ER T
aS ( M Z ) - O 1208—0.0018 (eXp ')—0.0033 (th) - 20 30 40 50 60 70 80 90

Total +2.2-1.2% uncertainty
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Inclusive Jets in High-Q?2 DIS

ZEUS-prel-10-002

ZEUS

[0 Good description of data by NLO N :
pPQCD over many orders of g 'F . ZEt{s (prel.) 300 pb'; E
magnitude in Q2 Nf% Y 1_ — NLO ® hadr ® Z

-4 g

O a, from do/dQ? at Q2>500 GeV? 0L

C llt

10 _35— EXG > 8 GeV E

a,(M;)=0.1208" oz (€XP-) 000 (th) | o
10 = Jeos 7| < 0.65 E
total +3.5-3.2% Uncertainty S o il L L R B e
(theory uncertainty ~1.9%) % o2 b jet energy scale uncertainty E
Z 0 ,
O Scale uncertainty still sizable. S i
NNLO calculation has been B v T I
waited for many years... Q" (GeVY)
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Inclusive Jets in High-Q2 DIS

[0 Measurement made with Kt, Anti-Kt,

and SISCone algorithms

ratio to k.

The ratio of different
algorithm results can be
calculated up to NNLO
(Note: cross section is
calculable now up to NLO)

ratio to SIScone

1.1

0.9
1.1

0.9
1.1

0.9

ZEUS

1ii<.[(x'1uu')"""' Y

E anti-

: SIScone NLO ® hadr ® Z"

do/dQ* (ph/GeV?)

T T T T
anti-k

T T L || T 3 =
. () - ~ .
—. O(c)) @ hadn ®}% E af I-JTETB - 8 GeV

[

| 10 ¢

2<ngt< 15

SIISctlth Y

3 AL Jcosy,| < 0.65

F [ jet energy scale uncertainty
| L

L

-

+ ZEUSS2pb" ]

11H

s (+0.05)

o e

r auti—k'.-. T
- T s

“ [siScone

0.3_||.| ’Tl Ll ool

T T T : T T : : : : T || T
:‘ hadronisation uncertainty

|
hadronisation correction

=

[

10° lt}3 1[]4

PLB 691 (2010) 127.

[0 Consistent results with different algorithms
[0 Good demonstration that the well-defined algorithms provide

consistent results

Q’ (GeV*

-
e

See lecture by Dr. Reisert
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Strong Coupling Constant

O The HERA jet measurements O o, also from e*e” annihilation
can show a “running” of o, in B Event shape - thrust distribution
a single measurement B Jet broadening
e RS .

oL ZEUS (prel) — QCD - 0.5 2000
o NC DIS 300 pb ] )
0.20 [ et Cl]l‘l‘.F:l[]CE‘l't. th. uncert. ] as(Q) » a Deep Inclastic Scattering
i o photoproduction 189 pb™ ] . e,z,eglﬂiﬁaﬁgnm crng
0.18 :— [ corr. uncert. [ th.uncert. : 041 o® Heavy Quarkonia
0.16 -
0.3 +
0.14 -
0.12 |-
0.2
0.1}
=QCD os5(Mz) =0.1184 £ 0.0007
1 10 Q [GBV] 100
Consistent between different processes.
Success of QCD!
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Inclusive Jet & Dijet Production in pp(pp)

QCD Production

2 2
O et =Za2b fa/p(xp’/ué)fblﬁ(xﬁ’ﬂé)&a,b(pp’ pﬁ’aS(’ué)’Q—z’Q—z)

F Hr

BSM Production
[0 Test pQCD at highest Q2. /
[0 Unique sensitivity to new physics
B Compositeness, new massive .
particles, extra dimensions, ... pet cosfO* 1

[0 Constrain PDFs (especially high-gluons)
[0 Measure a,

J]

July 26 - August 4, 2010 CTEQ Summer School 2010 58



A Little History

,0.05 0.1 0.2 04 Xt
. [ T T ' ' ]
. EXCltement(?) 15 yearsago 2 C inclusive jets: Tevatron Run Il
HREE g 08 [ ly]<0.4
% 12s O ° E B 5 E
= gm i * CDF E 0.6 __ qq — JEtS i
ERUN grl :: — NLO QCD 8 T
= 3 I B .
S | =l g 04 f gq — jets
S = F o
Zmp " S 02 b :
£ : £ - gg — jets
E 25 L I I I I | I I : -
E \ / 0 50 100 200 400
= B
Z [N pr (GeV)
® B ® CDF CTEQ M
‘E' M? |:| u+d quarks
= CDF Run 1A Data (1992-93) 5 06
\ i_ Systematic uncertainties E 0.4; - gluon
oo e by by b b by by by Q B
0 50 100 150 200 250 300 350 400 450 g 02;_
PRL77, 438 (1996) E; (GeV) E of
'% 0.2
) S o4 CTEQE.6
High-x gluon not well known — *  F a=100ceve

..can be accommodated CRTIT 0 Wi e usor s
in the Standard Model
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Forward (High |y|) Jets

[0 Forward jets probe high-x at lower Q? (= -g?) than central jets
B Q2 evolution given by DGLAP
WM Essential to distinguish PDF and possible new physics at higher Q2

[0 Also, extend the sensitivity to lower x

LHC

t [l DO Central + Forward Jets (I < 3.0)

105 ] CDE/D@ Central Jets (| < 0.7)

ZEUS 95 BPC+BPT+SVTX &
H195SVTX + H1 96 ISR

[ ] zEUS 9697 & H1 94-97 prel

Tower E, > 0.5 GeV 0L
E v atron
150 { [ ] cHorus
N/—\ L0 3
4100 > F D CCER
50+ S f [ ] rNr-mHEP
l = o F [] maBEs7010 P
o [ ]| BcDMs :
L0
300 % G
1
CDF RUN 11 C
Run 163064 10 'L
Event 6753986 £
10" 107 0™ 10~ 10° 10"
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Inclusive Jet Cross Section Measurement

?
[0 How do we measure°/ # of jets in each (Pt, y) bin | | Jet energy calibration

2 N
d (o) Jet VS Jet pT /

© Cunfolding

dp,dy Ap; - Ay| e[| Ldt
/ ) \1 \

Pt and y bin width Integrated luminosity || Jet energy resolution: jets
move in or out from a bin

Event/jet selection efficiency

[0 Challenges:
B Triggering
B Jet energy scale
B Unfolding

B Corrections for non-perturbative effects
O
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Inclusive Jets @ CDF

0 The measurement spans over 8 orders of magnitude in cross section
[0 A single trigger (online event selection) system cannot cover all
[0 Use different trigger samples
B Trigger on single jets with different Pt thresholds and prescales
0 Full pT spectrum combined from seven different triggers
B Q 10" _ 1 L _
@ 10 J‘L=1.13fb'1 Midpoint (R=0.7) T o .[ L=113 1 Midpoint (R=0.7)
: 10° Jet20 (prescale=808) 8
8 - o 10° -
S 107 Jet50 (prescale=35) E ] Jet20 (prescale=808)
@ 10 Jet70 (prescale=8) » 10 Jet50 (prescale=35)
'g 10° Jet100 (prescale=1) o 10° Jet70 (prescale=8)
S 10° D 105 Jet100 (prescale=1)
< 10 : 10°f
; o F
10 = 10°
10° et 102_E —
E 0.1<|Y|<0.7
10 0.1<|Y|<0.7 | g 10 . |
1E" CDF Run Il Preliminary Z 4 CPFRunllPrelminary |
0 T00 200 300 400500 600 700 0100 200 500 403506~ 600 700

P_lrlncorrecte d (GeVlc) P_lrlncorrected (G eVIc)
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Inclusive Jets @ CDF: Unfolding

[0 Unfolding correction accounts for

finite jet energy resolution

B Jets move in and outside a pt and y
bin due to a finite resolution

B A steeply falling spectrum gets
gets affected

[0 There are several unfolding techniques:
B Bin corrections

B Regularized matrix inversion

B Bayesian unfolding

[0 Used the bin correction method

B taTe a “true distribution” from MC

B Smear it with full detector simulation

B Reweight MC

B Take the ratio of true / smeared in each
bin - apply to data

evt

c— h

PT
0.1<|y|<0.7
——
-lMH++++

200

400

GO0
p;ET (GeVic)
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Inclusive Jet Cross Section

— 13 )
o 107 —— CDF data (1.13 o) > 10"E D@ Run Il w * |y|<0.4 (x32)
= | _ S e o 0.4<ly|<0.8 (x16
-g % 10" [ ] Systematic uncertainty ] 105 . 0_8<I§I<1_2 EXB))
o o' —=— NLO pQCD — 10 o 1.2<|y|<1.6 (x4)
—_ e o] 104
oY S Midpoint: R=0.7,f _ =075 o ¢ 18<h<20(2)
ol 10k . T pOINE RZ01 Tmerge™"- g 10° A 2.0<|y|<2.4
Ol > - . e—— % 102
'c 10 — -, ++_=_ _._=5=
102 . e T —— <0. ®
= e, e R 1E 5 = 1.96 TeV
10° = . +""..____ T 0.1<|y|<0.7 (x10°) 10"E L=0.70 b
__ *s — — -2 -
102 = T 07<lyl<1d 10" Reone = 0.7
= . — 10° — NLO pQCD
10'11 = === 1.1<|y|<1.6 (x10'3] 10-4 +non-perturbative corrections
104 1.6<ly|<2.1 (x10°) 10°g CTEQB.SM p_=p_=p
— 111 | 111 | | T | | I | I | I | I | - 1 1 | L L ‘ 1 | L | 1
0 100 200 300 400 500 600 700 10° 50 60 100 200 300 400 600
PRD 78, 052006 (2008)  p+ (GeV/c) PRL 101, 062001 (2008) Pt (GeV/c)

Results with Kt alorithm PRD 75, 092006 (2007)

[0 Test pQCD over 8 order of magnitude in do?/dp.dy

[0 Highest pet > 600 GeV/c: shortest distance scale - soon to be
surpassed...
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UE & Hadronization Correction

Detector-level jets

Currently-available state-of-the-art next-to-
leading-order QCD predictions do not take
into account:

d

\

|
avH

S 4 . O Underlying event (UE)

1l {

m.

M 7 [0 Hadronization

\ \ // ‘nﬁ\ ," These effects are estimated using Monte
ol

Hadron-level jets yo Carlo event generator (Pythia) tuned to data.

\

1.5

7

1.3 _

/
\ Hadromzatloql
\

\
\.
Parton-level jets

\

e

1.2f
115 ]

Corrections

0.9

S,y)g u'ﬁﬂ;u\ Rcone 0
Underlying event r<eV/c]

T
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UE & Hadronization Correction

Desetrisel e —| Currently-available state-of-the-art next-to-
¢ PN leading-order QCD predictions do not take
= : )

- - — i into account:

N 4 “—+—1 O Underlying event (UE)
—— B Y—F—+= O Hadronization
\\ \ // I R These effects are estimated using Monte

Hadron-leveliets | I || If /' Carlo event generator (Pythia) tuned to data.

\

/
\ Hadromzatloql
\

\
\.
Parton-level jets

\

1.5
b [

1.3 _

e

1.2f
115 ]

Corrections

- smearing
0.9F

S,y)g u_su-_u\ Rcone r 0
Underlying event . r<eV/c]
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UE & Hadronization Correction

Detector-level jets

Currently-available state-of-the-art next-to-

d

\

leading-order QCD predictions do not take
into account:

|
avH

S 4 . O Underlying event (UE)

m.

[0 Hadronization

‘n"‘\ ; ," These effects are estimated using Monte

Hadron-level sets yo Carlo event generator (Pythia) tuned to data.

\

1.5

7

1.3 _

1
v Hadroniz/
\ . G
\\ &t] ,

Parton-level jets

e

1.2f
115 ]

Corrections

0.9

0.6 : : -
u““\ R cone 0
r<eV/c]

Underlying T
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Theoretical Predictions

[0 The best available theoretical predictions for inclusive jet cross
sections at pp & ep are from next-to-leading order (NLO) pQCD
m S. Ellis, Z. Kunszt, and D. Soper, PRL 64, 2121 (1990).

B W. Giele, E. Glover, and D. Kosower, NPB 403, 633 (1993).
B 7. Nagy, PRD 68, 094002 (2003).

T
—s 0
*—s NLO
1000 - .
s \\ ] .
o T S L TTTTTTTTTTTTITITT T 1 ~
O S e P 11
%_ L e N i
=3 e
g —
; pp--=jet+X
51"' =186 TeV ET =100 GeV 1=|y|=.7
100 L | L | L | L |

0 05 1 15 2 25
WE,

[0 Next-to-next leading order pQCD predictions have been in “will
come soon” for quite some years...

®  2-loop (O(a*)) term from threshold corrections (N. Kidonakis, J. F. Owens, PRD
63, 054019) is available and used in some analysis
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Inclusive Jet Cross Section

- DD Run I Risiig =07
0 Run |l Tevatron measurements are in Hop L= —
agreement with NLO predictions o P :
B Both in favor of somewhat softer S05F EE%Z oM PDFs 3
gluons at high-x § \\\\\\\\\\\\\\\\\\\\\_
[0 Experimental uncertainties: +§1 5:_ 333 NLO scale uncertainty ;

smaller than PDF uncertainties | T -
[0 Used in recent global QCD fits

10 S -

*e .-l‘..‘ r.r ?

0.5F : .

F 1.2<Jy|<1.6
0_0—1' L1 1 1 1 1 L1

3.5 50 100 200 300
i pr (GeV)
o I e o ———— CDF Data (1.13 ™)/ NLO

of s —— PDF Uncertainty
s 0 e MIRST 2004 / CTEQ6.1M

'1 ﬁfl [ 1 Systematic uncertainty

T TP P I Including hadronization and UE
0 100 200 300 400 sugET 600 700 \ndnoint: R=0.7, foe=0.75
(GeVic)
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Cone versus Kt Algorithm Results

Parton to Hadron Correction Ratio: K, / Midpoint

] At. the parton level, o(k;)<o(cone) e Y THIA CTEQSL (01<Y'1<02)
with Rco,e=D. e Roone =D =07
B Cone algorithm tend to merge two 106] MidpOint: fyperg, = 0.75
energetic clusters with large i3
separation (>R_,,.=D) more than the I
kT algor]thm. :'z:;: CDF Run Il Preliminary
[0 Non-pertubative — PET [GeVic]
(UE+hadronization) effects L
larger for the k; algorithm 0.1<ly|<0.7
1.2
B o(k) ~ o(cone) at the
(kr) ~ o(cone) I

hadron level.

o
to

—=—— Data corrected to the hadron level
[ | Systematic uncertainty on data

Measured o(k;) / o(cone) in general

Cross Section Ratio (kT / MP)

) ; 0-6 — NLOJET++: CTEQ®1, p=p//2
agreement with the expecation. o PYTHIA hadion evel
. 4_
Robust data-theory Compar'lsons uAu L |1n|u| L I:nlnl L Jan]na P aqulnu P ;snlnl L |Eu|n| L |Tnu

P; (GeVic)
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Ratio to MSTW 2008 NLO

PDF with Recent Tevatron Jet Data

MSTWO0S8: 0901.0002, Euro. Phys. J.C

Gluon dlstrlbutlon at Cl2 = 104 GeV?
15 -

R
Y/

MSTW 2008 NLO (90% C.L.) 2

£4444: MRST 2004 NLO AR5

N ; 00000000,
S CTEQ6.6 NLO ;.:.:.:.:.:.3:;.0.353.
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06  W.rt. MSTW 2008

0'%.1 02 03 04 05 06 0708

x

Ratio to CTEQ®6.6

CT09: PRD80:014019, 2009.

gatQ =85 GeV

Blue;: CTEQG.6
14} Green:CTO9
{ Red:MSTW'08 NLO

1.2 |

0.8 |

W.rt. CTEQ 6.6

0.010.02 0.05 0.1 0.2
X

10-°10-* 10°*

[0 Tevatron Run Il data lead to softer high-x gluons (more consistent

with DIS data)
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Inclusive Jets at the LHC

CMS preliminary, 60 nl:r'I \s =7 TeV
;1011| T T T T T T T 1171
> ly|<0.5 (x1024)
O F o 0.5<|y|<1.0 (x256)
o 1078 » 1.0<|y|<1.5 (x64)
o | s 1.5<|y|<2.0 (x16)
o107k + 2.05)y|<2.5 (<4)
s 2.5<|y|<3.0 (>1
% ly|<3.0 (x1)
s 10°
o £
10° 2
h - ?‘
10F — NLO pQCD+NP"®

[ ]EXp. uncertainty 2

10"'E-Anti-k; R=0.5 PF

i
I

20 30

100 200

1000

P, (GeV)

ATLAS-CONF-2010-050

T I T T T T ‘ T T T T ‘ T T T T [T T T T I T T T T -I-

— anti-k) jets, R=0.6 Py \yjﬁ|so.3(1x10‘z) ~

" | Lat=17nb”, Ns=7 Tev o 0.3<|ya\50.8(1><109r:

— \:| Systematic Uncertainties : ei

— I N.O-pQCD (CTEQ 6.6)+ Nonpert.cor. M 0'8<|yjm‘g1'2(1>‘105

?_._ 0 1.2<|yjm\22.1(1x103)_:

- —e— A 21<ly[<28(1) B

© o a

- —O0—

- - -

~l-

— -

— —u—

[ ——

=3

— B~

— —&=—

L —B—

E3

- =k

—_— —‘—

— —A—

_iA TLAS Prellmln‘ary | | -

| | | | 1 | | | | | | 1 11 | | | | | | | | |

100 200 300 400 500 600

p, [GeV]

[0 LHC preliminary results are already becoming available
[0 Jet energy scale uncertainty 5-10% range (c.f. 1-3% at the Tevatron)
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Today’s Summary

[0 Jets play important roles in various aspects of particle physics
B QCD studies: quark/gluon properties, QCD SU(3) structure, a., PDF, etc
B And searches for Higgs and physics beyond the Standard Model

[0 After many years of work, jet algorithms are quite established now

B |Infrared and collinear safe algorithms are available that work
well for both experimentalists and theorists

B Features of each algorithm is now well understood

[0 Jet energy calibration takes a lot of effort
B The experience from the Tevatron greatly benefits LHC experiments

[0 Inclusive jet production at HERA and Tevatron
B Provide important information for o, and PDF
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Jet Algorithms: Recombination

Basic Idea: Successively find the “closest” pair of particles &
combine them

define resolution

parametery, defined by
Il / the algorithm
—| compute separation y;; = 2/ s
recombine for each pair of par"rlcles (J 1,j)

= /
e / ~
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Cone Algorithms for Hadron Colliders

O “Has been” a primary choice for hadron colliders

[0 Basic idea: Cluster objects based on their proximity in y-¢ space
and find stable cones (kinematic centroid = geometric center).

1CcCo '\/('y'i —yO)? 4 (61 — ¢¢) < R.
})Cf _ (EC"pCf) _ Z(EI.IJ’;.});.IJ;) )
Lo . | Stable cone when
_c 1. EY +p2 — Py
c _ _ z C 1Py _ _
Y = 5111?’7—1)9 . @ =tan ﬁ . yC — yC ’ ¢C =¢C

0 Intuitive, but a few undesired aspects...

O Often infrared unsafe

B For CPU reason, search for stable cones starting from “seeds” (particles above
some Pt threshold) - source of infrared unsafety.

B Addressed by Midpoint algorithm and seedless SISCone algorithms
B SISCone is somewhat slow. Not usable for heavy ion physics.

[J Still stable cones sometime overlap > Need somewhat adhoc
procedure to merge/split: merge cones when p; overlap > 75%
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Jet Algorithms for Hadron Colliders

[0 Recombination-type [0 Cone-type
Basic Idea: Successively find the Basic Idea: Search for the cone,
“closest” pair of particles & in which the vector sum of
combine them particles points toward the cone
B Examples: JADE, Kt, centroid (stable cones)
Cambridge/Aachen, Anti-Kt B Examples: JetClu, MidPoint,
SISCone

B Used extensively in ee and ep B Primarily used in pp (pp)

collider . colliders

B Theoretically well-behaved © B Regular cone shape © (unless
0 Infrared and collinear safe cones do not overlap)

B Irregular shape (except Anti- B Infrared and collinear
Kt?) is a challenge for unsafety ®

experimentalists (underlying

: . B Stable cones sometimes
event and pileup corrections)

overlaps ®
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Kt (“Durham”) Algorithm

[0 S. Catani et al., Phys. Lett. B269 (1991) 432
O Metric: M? =2min(E;",E;")(1-cos#,) ~ (invariant mass)?
[0 For small emission angles 0,

. 2 2 2 - 2 2 2 2
M; =2min(g",E;")1-1-6,"/2+---)]=min(E;",E;")6;" = k;

B Smaller of the transverse momentum of | wrt j or j wrt |
B Soft colinear radiation is attached to the correct jet

st (S |

[0 Largely inhibits junk jets, allows resummation
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Measurements in Detectors

Jets typically consist of ~65% charged hadrons, ~25% of w0—yy ,
~10% of neutral hadrons.

Muon
Electron
""" Meutral Hadron

Charged Hadron — I
----- Photon & —
4T >>>>
Silicamn /
Tracker
Electromagnetic

Iran return yoke interspersed
Tramswverse s lice with Muan chambers

through CMS
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Jet Energy Correction

Required Optional

= =
Reconstructed Abs: Calibrated
Jet P Jet

[0 Energies measured by the calorimeters need to be corrected for the
calorimeter non-linearity and non-uniformity

[0 Multi-step approach a la Tevatron experiments

(correct for different effects step-by-step)

B Offset: correct for noise and pileup

B Relative (n): Equalize jet response to the control region (barrel)
OO0 Use dijet p; balance

B Absolute (py): Correct measured p; to particle level p;
OO0 Use photon+jet and Z+jet p; balance

B And optional analysis dependent corrections

June 23, 2010 80



Relative Jet Energy Correction

e
[

Jet Response

e
-

CMS PAS JME-07-002
CMS PAS JME-08-003

O

1 4
- CMS Preliminary 2 [ CMS Preliminary
- :'“'4 27 < Gendet Pt < 35 GeV .'ﬂ'*' E_ . 200 < GendJet Pt < 300 GeV
I - & 09—
[ . —*— Uncorrected Jets - é B —=— Uncarrectad Jets
- - —=— gtz Caorracted for - T :#"'f —=— Jats Comected for _._"'f--
oy - 1 Dependence - £ = 0.8 . 1 Dependence - ]
- . s PSS T Y-
:um—-:lﬁ.—mﬁ ﬂ?:— ..‘n* "‘“..
I T B S SR "]E_|2|11|J1||
4 2 0 2 Calodetn Calodet
The relative correction equalize jets Trigger jet: barrel region
outside the “barrel” region to jets in Probe jet: anywhere
the barrel, where the absolute scale Ap probe __ rigger
will be determined Ap, f=—L=_"T I
. . pave (pprobe_|_ ptrlgger)/2
It will be measured from data with T T T
the d1l]et balance method. oFie 2.4 (Ap, f)
1 pb' of data should be enough to f=-—re=
derive this correction Pr 2—(Ap; f)
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Tevatron — LHC Parton Kinematics

Q° (GeV)

Tevatron LHC

lOg E HERLRRLLY DL DL AL A LL I ALLLLLL AL L LLLL B """§ 109 E

F X, = (M/1.96 TeV) exp(y) ] , = (M/14 TeV) exp(zy)
10°g Q=M E 10°F Q=M M =10 TeV

3 higher Q?
10" F 3 10" £
10° £ M=1Tev /g |:> Wk MeiTey N
10° F . —~ 10k
[<B)

i _ O

10* 3 M = 100 GeV - = oL
o

10 ¢ E 10° F ‘

- y=/4 4 6 4
10°  M=10GeV ' o b

: E M= 10w~
oL I . smaller x

-7 -6 -5 -4 -3 - -1 0

107 10°  10°  10° 10° 10° 10" 10 0w 10°  10°  10°  10° 10° 10" 10
X X
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Inclusive Jets with k; Algorithm

1L
-t
o, %

—
o
o

_ d’%/dy*Tdp; ' [nb/(GeVIc)
5 5 5 5 3

—h

o
L
™

K, D=0.7

L 1<y <16 (x 107)
l-ﬂ-l\

.
1.6<|y"™|<2.1 (x 10)

o
#
A

;P

—=— CDFdata(L=1.0fb")
Systematic uncertainties
—s— NLO: JETRAD CTEQB.1M

corrected to hadron level
o Hg=UMg=Maxpy [2=p,

o= S PDF uncertainties
——
——
'.'-‘ %‘-l! ™
e —
£ “"1-._.‘_4 . —
- e [y'*"|<0.1 (x 10%)
‘! - - é;:!=|
-“ - —a 0.1<|y"™"|<0.7 (x 10%)
[ 8
. “ay ==
- s o ST
o e 0.7<|y"™ |<1.1
N N

[ IJIlllllllJllIlllJIlllJIJIlIIJIJIIIIl

0 100 200 300 400 500 600 700
py-' [GeV/c]

Again, data in good agreement wia’th

NLO pQCD predictions
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£ YNN"T\

Ratio to CTEQ6.1M

O L=1.0fb"

[0 Jets reconstructed with the
kr algorithm, D= 0.7.

3
C o y"TI<0.1 0.1<ly"*"|<0.7
2_— —
1: -I—.I-“ == ::-_: _'_' L _‘*_'-:‘:__*__nn ................... :_ﬂ:’-‘:; - _; _____ H_-_-:—-n—'-n- s ===
g 1 1 I B N
C o 0.7<|y"|<1.1 1.1<|y’""|<1.6
G ‘ -
- [T | [ A R
* 200 400 600
1.6<|y""[<2.1 PIET [GeVic]
- K; D=0.7
B —=— CDFdata (L=1.0f0")
& e et qL Systematic uncertainties
S | - PDF uncertainties
I B ! L1 p=2xu0=maxpr
0 200 400 600

pf’ [GeVic]

- MRST2004

LUV
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SISCone Vs Midpoint

[0 SISCone is preferred theoretically

o ratio (SISIMP)

e 2 o
v v ©

due to infrared and collinear
safety at all orders of pQCD
(Midpoint only up to NNLO)

-

e o 9
«

1'02: lyl<0.1 ; 0.1<|y|<0.7
NI =
L - !
02;_ """ 0.7<ly|<1.1 1.1<ly|<1.6
s NeanmaN
N r
1_0,“, ;_ ...... 1 odyl<2 ) 200 400 b, ??geWc)
Particle level:
T less contribution from

™ eewin UE for SISCone

1.01

ly|<0.1 - 0.1<[y|<0.7

L ——

-
o
=

0.7<ly|<1.1 g 1.1<ly|<1.6

e

o ratio (SIS/MP)

Il
o

1.01

) 200 400

600
P, (GeVic)

1.6<|y|<2.1

Parton level:

L _,..-—-"'_'_'_'

—

O

O

Both corrections

e g are similar

No explicit jet cross section
measurement with SISCone at the
Tevatron, but a MC study was
performed

Differences of a few percent at
the particle level reduces to ~1%
at the parton level

Negligible effect
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